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Abstract 
This thesis describes a research investigation into novel designs of high 
voltage pulse transformers using magnetic insulation, which is the only practicable 
form of insulation for much of the equipment presently used in ultrahigh voltage 
pulsed-power work, including transmission lines and plasma opening switches. 
Although its use in transformers would bring important advantages in both size and 
weight reductions, a number of seemingly insurmountable problems have however so 
far prevented this. 
Two novel arrangements are presented in this thesis: one of these is a 500 kV 
transformer with self-magnetic insulation, and the other one is a 1 MV 'Tesla' 
transformer with external magnetic insulation. It is shown that both of these overcome 
the problems inherent in earlier designs and also offer considerable scope for further 
development in a number of important areas. It is believed that they represent the first 
working examples of magnetically-insulated transformers anywhere in the world. 
Modelling considerations of the transformers developed include both 
theoretical models and predicted characteristics. The filamentary technique used to 
describe mathematically the arrangements being investigated involves decomposition 
of the main conducting components into filamentary elements. The resulting 
equivalent electrical network includes all the mutual interactions that exist between 
the different filamentary elements, takes magnetic diffusion fully into account and 
enables the resistances and self and mutual inductances that are effective under fast 
transient conditions to be calculated. Theoretical results provided by the resulting 
mathematical models have been successfully validated by comparison with reliable 
experimental data. 
Much of the work detailed in the thesis has already been presented in high 
quality academic journals and at prestigious international conferences, and a solid 
theoretical and experimental basis has been laid down for future development and 
new progress into pulsed power system research. 
ii 
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Chapter 1 Introduction 
1 Introduction 
Pulsed power science and technology deals with the physical and technical 
foundations for the production and application of high voltllge pulses with very high 
power (> 1 G W ) and pulse energies (> I kJ). A generator scheme for the production 
of high power electric pulses is always based on an energy store that is charged slowly 
at a relatively low charging power and is subsequently discharged rapidly following 
the activation of a switch. 
The simplest form of pulse generator relies on the discharge of energy stored 
in either capacitors or inductors, with the main advantage of inductive storage being 
its smaller size. The energy density storage capability of inductors is much greater 
than that of capacitors, and indeed can be at least an order of magnitude more. Its 
main disadvantage is that the discharge circuit must contain an opening switch which 
has, in many circuits, to turn off large currents very quickly for the circuit to work 
efficiently [1.1]. Unfortunately such opening switches are difficult to construct, 
particularly in circuits which are required to operate repetitively. Thus pulse 
generators using capacitive energy storage where the switching is easier are far more 
common than their inductive counterparts. Using capacitive energy storage is not only 
simple but relatively inexpensive and the necessary switches are commonly available. 
However, a basic capacitive discharge circuit is limited in operation to roughly 100 
k V , because of the difficulty of making reliable switches that will operate above this 
voltage. Other problems may arise from the physical size of the components needed to 
build the circuit, the high DC power supply voltages used to charge the capacitor and 
the difficulties in suppressing corona discharges from various parts of the circuit. 
The Marx generator [1.2] is the most popular and versatile high voltage 
generator for many pulsed power applications, particularly when very high voItages 
and powers are required. As such the circuit is widely used in applications such as 
1 
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lightning and EMP simulation, streamer chambers, flash X-ray and electron beam 
generators and high-power gas lasers. 
R R R 
C SOl C S02 C S03 
~ __ r-R~-L_O __ OI~O 
DC Char~ng Supply 
Load 
- Cd) 
R R R 
C C C 
0 V V 0 V 
- - -
Load 
R R 
DC Char~ng Supply 
~ Cb) 
C C C 
1 11 1 0 V 
- -
2V 
-
3V 
Load 
~ (c) 
Figure 1.1 Marx generator circuit 
(a) Full circuit 
(b) Effective initial circuit 
(c) Effective circuit during pulse 
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The operation circuit of a three-stage Marx generator is illustrated in Figure 
1.1 Marx generators are basically very simple in theory, as a stack of n capacitors is 
charged in a parallel configuration to a voltage V and then rapidly discharged in 
series. A voltage of n V is obtained by the closure of switches between the capacitor 
stages, with the output voltage corresponding to the charging voltage mUltiplied by the 
number of stages. It is assumed that the values of the charging resistors are 
sufficiently high that they can be neglected once the circuit is operated. Major 
advantages of this configuration are its modularity and its ability to cover a wide range 
of pulse amplitudes with a typical efficiency of 85-90%, but it also has limitations in 
the large number of switches that is required. 
i 
i 
i 
Figure 1.2 Operation circuit of a three-stage Le generator 
Vector inversion generators can also be used to generate high voltage pulses. 
For example, the Le generator [1.3] offers a low-output-impedance alternative to the 
conventional Marx generator and it can be used for forming pulses with a duration of 
about IOns. The circuit shown in Figure 1.2 illustrates how the Le generator 
operation is based on the vector-inversion principle. The capacitors are charged to a 
potential V with the polarities of adjacent capacitors opposing each other at t = 0, as 
indicated by the arrows, so that the net potential across the series-connected capacitors 
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is zero. Once the capacitors are charged the switches are simultaneous closed, and the 
potential on the capacitors that are connected to the switches are consequently 
reversed at t = ;;(LC)'I2. The output voltage is then 2n V, where n is the number of 
stages in the generator. Triggering of the Le generator is less complicated than that of 
the Marx generator, as the number of switches is halved, and the output impedance 
can be made very low because it does not include the internal switches and their 
connections. Though the circuit is simple, it is difficult to turn on the switches at the 
same time and the 100% voltage reversal on the capacitor voltage presents a problem. 
I 
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Figure 1.3 Three-stage stacked strip-line generator 
The stacked strip-line generator (Figure 1.3) and stacked coaxial-line generator 
(Figure 1.4) are both capable of producing voltages of several megavolts with rise 
times of about 10-9 s and are easy to construct [lA]. During charging the line at 1<0, 
the direction of the electric field is as indicated by the arrows. The three closing 
switches are closed at t = 0, and the arrows show the direction of the voltages at 
1/ l' < I < 3! / l'. The pulse width of this stacked line is T = 21 , where 1 is the length of 
l' 
the line and v is the wave propagation velocity from the source to the load. The 
performance of the stacked strip-line generators is limited mainly by the switch 
impedance and resistive losses in the lines. Figure lA shows a stacked line that uses 
only one closing switch, with coaxial cables being used. Since the line uses only one 
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closing switch, it can avoid the problem of synchronization that arise in multi-switch 
systems. 
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Figure 1.5 Spiral generator 
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t 
Figure 1.6 Shape of the output pulse from a spiral generator on open circuit 
The spiral generator [1.5] of Figure 1.5 can produce voltages of at least 1 MV 
with greater simplicity and compactness. As shown, it contains twin spiral lines with 
common conductors (an active line and a passive line) with a switch at the midpoint. 
Initially, with the generator charged to V on the passive line, the voltage wave 
propagates only on the passive line, with the switch open and the directions of the 
electric fields in different parts of the structure opposing each other as shown by the 
arrows in Figure 1.5; therefore the output voltage between a and b is zero at t = 0 
when the switch is closed. The voltage wave then propagates from the switch into the 
active line, and at time t = 1 (l is half of the active line length) when it reaches the 
v 
ends of the line, the potential on the active line is reduced to zero, and the voltage 
between the inner and outer turns builds up to -n V , where n is the number of turns 
in spiral. After the voltage waves arrive at a and b, they reflect and propagate back 
towards the midpoint switch, and the output voltage between a and b is therefore 2n V 
by the time t = 21 when the waves have returned to the switch. As the process repeats, 
v 
the output voltage starts to reduce and when the voltage wave finally reaches the 
switch again at t = 41 , the generator returns to its original state of V = 0 . The 
v 
waveform of the output voltage is illustrated in Figure 1.6 as: 
(Eq.i.1) 
6 
V(t) = 4nV _ nvVt 
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(Eq.1.2) 
It has been pointed out that operation of the generator is based on the 
propagation of voltage waves around the spiral and is only applicable to generators 
which have a very large diameter [1.5]. The main disadvantage of the spiral generator 
is that the output pulse is triangular rather than rectangular, as shown in Figure 1.6. 
Another problem is that the generator is constructed from a pair of continuous 
conductors, which interconnect regions of different potential and form a closed loop 
with the strip line to which it is connected, causing circulating currents to flow across 
the loop that tend to reduce these potential differences. This particular problem limits 
the spiral generator from becoming a Iow output impedance alternative to the pulse 
transformer or Marx generator [1.5]. 
High-voltage transformers are key to many pulsed high-energy, high-power 
generators. They can provide an attractive financial alternative to the Marx generator 
for many special applications, such as charging the high-voltage pulse forming 
transmission lines used with high power electron or ion beam accelerators and driving 
portable X-ray sources and special free electron lasers. They have also been found 
useful for driving wide band electromagnetic radiators, all of which require the 
generation of a high-energy pulse of over 10 kJ , with the amplitude rising to some 
500 kV or more in less than 100 ns, and then remaining almost constant for at least 1 
ps. In general, transformer systems are smaller than Marx generators, because the 
Iow-voltage capacitor bank in the primary circuit is inherently more compact and is 
not ordinarily operated in a tank of insulating oil. The resulting system requires 
substantially less floor space and does not involve separate oil storage and handling 
facilities. These simplifications yield a system that costs less to build and operate than 
a Marx system. 
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1.1 High voltage pulse transformer 
As indicated in the previous section, a pulse transformer is a transformer 
specifically designed for transmitting electrical pulses which have both fast rise and 
fall times and in between maintaining a 'constant' amplitude sometimes up to multi-
MV . There is a wide range of applications for such transformers, starting from the 
low power versions used in digital logic or telecommunications circuits, often for 
matching logic drivers to transmission lines. Medium power versions are found in 
power-control circuits such as camera flash controllers or triggering circuits. Larger 
power versions are employed to interface low-voltage control circuitry to the high-
voltage gates of power semiconductors such as TRIACs, IGBTs, thyristors and 
MOSFETs. Possibly the most important technically advanced are the special purpose 
high-voltage pulse transformers used in the generation of high power pulses for 
particle accelerators, microwave sources such as klystrons or magnetrons, and other 
applications. 
1.1.1 Advantage and development of air cored transformers 
When conventional pulse transformers are to be operated at very high power 
levels, or with large volt-second products, it is clear that to avoid magnetic saturation 
large cores must be used with a large numbers of winding turns. Eventually, as the 
power level is raised, a point is reached where the core size required becomes 
impractical. To tackle this problem a different type of pulse transformer was 
developed by G. Rohwein [1.6-1.7] and J. C. Martin [1.8-1.9] in which there is no 
magnetic core and, in order to achieve good flux linkage between the primary and 
secondary windings, these are located very close to each other. This is usually 
achieved by employing conductors of thin copper foil rather than wire, arranged 
tightly on top of each other and with sheets of flexible plastic providing inter-turn 
insulation. Nonetheless, the absence of a magnetic core means that the coupling 
coefficients of these transformers are generally lower than those of magnetically-cored 
transformers, and the leakage inductance is usually a much large fraction of the 
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winding inductance. An important advantage of air-cored transformers is however that 
the frequency limitations imposed by magnetic cores are relaxed, and they can be used 
at frequencies of several MHz. 
Air-cored transformers are usually used in a different way to the more 
conventional wire-wound transformers, and their predominant use is in charging 
capacitive loads, such as pulse-fonning lines or high-voltage capacitors, to very high 
potentials. The energy source is usually a low voltage capacitor, that is rapidly 
discharged into the often single turn primary winding. They can be operated at 
impressively high output voltages running into the MV range and at energy loadings 
exceeding 10 kJ . The maximum energy loading of a given transformer depends on 
the width and thickness of the foil windings, with an empirical rule being that more 
than I kJ per centimetre width of winding can be handled. 
1.1.2 Types of air cored transformers 
Although many possible geometries can be envisaged for high-current high 
voltage transformers, only two simple arrangements are discussed here. The first and 
most common of these is the single-layer helical wound transformer shown in Figure 
1.7 and the second is the spiral-strip type of Figure 1.8. The primary windings of 
either type, whether single or mUltiple turn, can however be designed in a variety of 
ways without affecting their electrical breakdown characteristics. For reasons of high-
voltage insulation, the low-voltage primary winding is normally placed outside the 
secondary in either type of design, so that the high-voltage output of the secondary 
can be led out through the centre of the assembly. 
The transformers differ from each other mainly in the configuration of the 
secondary windings. With helical transformers, a high-voltage standoff between the 
primary and secondary windings is ensured by an insulated space between these 
windings, with the space either being uniform or tapered in the longitudinal direction. 
When tapered, the insulation thickness increases with voltage along the length of the 
coils. With spiral-strip transfonners, the voltage standoff is largely a function of the 
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radial thickness of the secondary winding, because the turns directly overlay each 
other. The winding stack has therefore a purely radial voltage gradient between the 
high-voltage inner turns and lower-voltage outer turns. 
r 
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-' 
Figure 1.7 Arrangement for helical HVT developed at Loughborough University 
[1.10] 
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Figure 1.8 Arrangement for spiral-strip HVT developed at Loughborough 
University with only showing secondary turns for clarity [1.11] 
Each configuration has its own merits and drawbacks. For the spiral-strip type, 
the main advantage is that they may have a large coupling coefficient, usually larger 
than 0.9. They can not only be scaled for multi-MV operation but can also carry large 
currents (> I MA) in both primary and secondary circuits. They have a coaxial output, 
as is required by most loads, but are relatively complex to manufacture and have a 
very high secondary capacitance. In comparison, helical transformers have a low 
coupling coefficient «0.8), and are difficult to scale to above 1 MV . They cannot 
drive large currents in the secondary winding, but are widely employed because of 
their ease of manufacture and their ability to support an extremely high 
secondary/primary turns ratio. They have a low secondary winding capacitance and 
can easily be adapted to a coaxial geometry. 
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1.1.3 Transformer insulation 
In the design of high-voltage pulse transfonners, insulation is an essential 
consideration. As a minimum, it is necessary to know the maximum voltage stresses 
that will be reached during operation and the effective dielectric strength of the 
insulating materials. The types of materials most commonly adopted are the familiar 
plastics, oils or high-pressure gases, which are often employed in combination. Failure 
in one invariably leads to an overall failure. 
High-pressure gas provides a flexible and reliable method of high-voltage 
insulation. Under high vacuum conditions, the breakdown strength is quite high. The 
breakdown voltage can in fact be controlled by the gas pressure and with two parallel-
plate electrodes the breakdown voltage initially decreases with the barometric pressure. 
This is due to the fact that, as the molecular density of the air is reduced, there is a 
greater likelihood that a free ion can traverse the space between the electrodes without 
a collision. However, as the pressure is further reduced, the required voltage for 
breakdown increases again, because the more limited number of air molecules make 
ionizations more infrequent. Even a high vacuum has a limited dielectric strength 
however, and the transfonner dimensions will need to accommodate this. A second 
consideration is that the surfaces need to remain clean and free from dust over long 
periods, so that there is no possibility of arcing or surface flashover. 
The better the insulating property of a dielectric, the higher is its resistance, 
and the lower is the dielectric leakage loss. Oil has an extremely high resistance, so 
that it is not measurably leaky. Special-purpose oil is in widespread use, due in part to 
its relatively Iow cost and thennal characteristics, which are basically satisfactory for 
high-voltage pulse use up to more than 500 kV [1.12]. The problems that arise are 
most frequently because the oil can easily become contaminated by arcing. It can be 
extremely messy to work with, and the large volume required will cause the 
transfonner to be extremely heavy and bulky. This is clearly unsuitable for the 
increasing number of applications that demand compact and very lightweight 
arrangements. 
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Recent advances in air-cored transfonners using Mylar-polyethylene insulation 
film have been reported [1.l3], which offers considerable flexibility through its 
chemical, thennal and physical properties. One of the most outstanding of these is its 
high insulation resistance over a wide temperature range and, since it also has a very 
high breakdown voltage stresses, Mylar can be used to provide a very compact 
assembly. Unfortunately, the techniques involved are difficult to extend to voltages 
above about 500 kV. 
The last two decades have seen enonnous advances in high-voltage, fast-pulse 
techniques, due mainly to the introduction of the revolutionary new technique of 
magnetic insulation, which diverts the electron flow in vacuum (that would otherwise 
be responsible for an electrical breakdown in a device) by means of the Lorenz force 
arising from the interaction of the electrons with a magnetic field. If the magnetic field 
is produced by the current in the device itself, magnetic self-insulation is obtained. 
Magnetic insulation has provided the basis for the development of many of the 
modem components that are now extensively used in large pulsed-power projects, 
such as transmission lines [1.14], ion diodes [1.15], electron beams [1.16], magnetrons 
[1.17] and plasma opening switches [1.18]. However, the technique is not so far well 
developed in high-power transfonners, because of a number of apparently 
insunnountably difficulties. 
Winterberg [1.l9] proposed the first magnetically insulated transfonners in 
1970; but his idea was not translated into a practical device because of a number of 
significant issues. No working transfonner was in fact reported prior to the 
Loughborough helical secondary design of 2002 [1.20], which demonstrated that a 
magnetically insulated transfonner is possible, although the levels of voltage and 
power were limited and the topology was greatly simplified. The present work 
investigates the extension of both of these features to the levels required in most pulse 
power applications and in a more realistic conductor arrangement, firstly by means of 
magnetic self insulation and secondly by means of magnetic insulation. 
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1.2 Magnetic insulation technique 
;;: ;;: ;;: 
11 +V, 11 +V, 11 +V, 
v 
+------f-_z ~------_+--~z +------f--,. z 
o d o d o d 
(a) (b) (c) 
Figure 1.9 Magnetic insulation principle with vector B parallel to plates and 
orthogonal to electric field showing (a) B = 0 and (b) scalloped drift orbit viewed in the 
stationary frame (c) drift orbit viewed in a frame of reference moving at the electron drift 
velocity 
A high electrical stress (>100 kV / cm) can cause electron emission from a 
cathode, with the electrons being accelerated to the anode by the electric field and 
leading to electrical breakdown (flashover) between cathode-anode gaps. Magnetic 
insulation can prevent the motion of electrons across a gap with a high-applied voltage, 
as illustrated by Figure 1.9. With attention limited to only single electron motion, 
neglecting the contribution of free electrons to the field, electrons emerge from the 
cathode at z = O. The anode at z = d has a bias voltage Vo' so that the electric field is: 
E, =-Eo = -(V, / d) (Eq.1.3) 
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For magnetic insulation, a uniform magnetic field is applied in the y direction: 
(Eq.1.4) 
Figure 1.9 (a) illustrates the trajectory of an electron emerging from the 
cathode with zero kinetic energy in the absence of a magnetic field. The electric field 
attracts the particle toward the anode and leads to electrical breakdown. If however a 
magnetic field is applied in a direction orthogonal to the electric field, once the 
electron gains velocity in the z direction its orbit is bent by the magnetic field in the 
x direction. Ultimately, the electron returns to the cathode. If the electron is not 
absorbed, it follows the scalloped orbit shown in Figure 1.9 (b). Note that the motion 
in the z direction is periodic, and the electrons have a cumulative displacement along 
the x direction. This type of motion is called particle drift. 
If the maximum distance the electron moves away from the cathode is ~, this 
is controlled by the magnitude of the magnetic field, which must exceed a minimum 
value if the electron flow is to be prevented from making contact with the anode. 
When ~ is less than the anode to cathode separation, electrons cannot cross to the 
anode and the gap is magnetically insulated. Moreover, the transverse magnetic field 
can inhibit the motion of cathode and anode generated plasmas, which, if left to 
themselves, move across the cathode-anode gap, causing undesirable closure by an 
electrical shorting of the system. 
Both ~ and the drift velocity Vd can be found in terms of Eo and Eo by 
making a relativistic transformation to a frame of reference that moves with the 
velocity Vd in the positive x direction. Equations I.S and 1.6 present the electric and 
magnetic fields in the moving frame for given quantities in the stationary frame [1.21]. 
(Eq.1.S) 
(Eq.1.6) 
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where primed symbols indicate quantities measured in the moving frame. The quantity 
Yd is a function of the drift velocity, thus 
[ ]
112 
Yd = 1-(v~/c)2 (Eq.1.7) 
Equation 1.5 shows that the electric field vanishes in the moving frame if the 
transformation velocity equals 
(Eq. 1.8) 
In this case the electron motion is a simple gyration in the transformer 
magnetic field as shown in Figure 1.9 (c). This velocity is called the ExB drift 
velocity and its direction is parallel to the cross product of field vectors. Note that if 
Eo ;:: cBo then the velocity exceeds the speed of light and the transformation in invalid. 
facts: 
When Eo < cBo, the quantity Ll. can be calculated by applying the following 
1. Equation 1.6 implies that the magnitude of the magnetic field in the 
moving frame is lower by a factor of Y , with B; = Bo I Y . 
2. The electron follows a circular gyration orbit in a uniform magnetic 
field. 
3. At the point of contact with the cathode, an electron has zero velocity 
in the stationary frame; it has therefore a velocity v = -VdX in the 
moving frame. 
The radius of the circular electron orbit in the moving frame is 
ymolvl r2mov r =--=--
g eBolr eB (Eq.1.9) 
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The maximum excursion distance from the cathode is twice the gyro radius, 
t. = 2r g (Eq.1.10) 
The criterion for magnetic insulation is that t.::; d . The critical magnetic field 
B"u is the field magnitude that gives d = t.. For a given electric field, a magnetic 
field greater than Be,;, prevents electrons from crossing to the anode. B"u can be 
obtained by combing Equations 1.3, \.7, 1.9 and \.\0. Thus 
where 
[ ]
"2 
B"u = B' 1+ eVO 2 
2m,c 
[ ]
1/2 
B' = ~ 2V~mo 
(Eq.l.I I) 
(Eq.1.I2) 
Equation 1.11 is in terms of a non-relativistic factor B' and a relativistic 
correction term. The relativistic term is significant when Vo ;:: moc2 / e = 0.5 I IMV . 
In cylindrical geometry the insulation criterion is given by Equation 1.12 with 
d replaced by the effective gap d'ff = (rQ 2 - re 2 ) / 2rQ' where re and rQ are the cathode 
and anode radii, respectively (re < rQ)' and d'ff = (rQ 2 - re 2 ) / 2re when the cathode radii 
is the larger. The critical magnetic field as a function of the voltage for a 10 mm gap 
is shown in Figure \.1 0, which provides a comparison between the relativistic theory 
and the non-relativistic treatment, and confirms that quite moderate magnetic fields 
can insulate high-voltage gaps. 
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Figure 1.10 Critical magnetic field strength for magnetic insulation versus voltage 
between anode-cathode gap (d = I 0 mm) 
1.3 Thesis objectives 
The present research is concerned with novel insulation techniques for high-
voltage pulse transformers. Two novel arrangements are presented that overcome the 
problems associated with the earlier designs. The resulting arrangement is both 
lightweight and compact in comparison with any alternative presently available, and 
opens the way to multi-MY level self-insulation transformer. 
The two transformer arrangements considered are: 
a) A 500 kV transformer with self-magnetic insulation [1.11] 
The transformer has a single turn-primary surrounding an eight-turn secondary 
spiral-strip winding. The secondary winding was designed with a variable pitch to 
achieve an approximately even average electric field strength distribution over the 
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windings. The primary is powered by a capacitor bank in which an exploding wire 
array is used as an opening switch to generate the high dI 1 dt which enables the 
secondary to produce an output voltage of 500 kV, and the magnetic field induced by 
the primary current is the source of magnetic insulation. 
b) The second is a I MV Tesla transformer with external magnetic insulation 
[1.10]. 
A main capacitor bank is connected to the single-turn primary winding through 
a spark gap switch and a short flat transmission line. The secondary winding is a 50-
turn helical coil, connected to another inductively-coupled damped resonant circuit, to 
form a Tesla transformer. One internal conductor, powered by an auxiliary capacitor 
bank, produces the required magnetic field and, as a demonstration of the field 
strength that is necessary, it will be assumed that the transformer is required to 
generate a secondary voltage of 1.5 MV . 
Both 2-dimensional filamentary modelling and ANSYS software are used in 
the design and in providing detailed performance predictions of the transformer 
characteristics. The two prototype transformers are believed to be the first working 
high-power magnetically insulated transformers in the world, and they have provided 
reliable experimental data for verification of the theoretical predictions. The 
experimental work was supported by EPSRC and MoD through their Joint Grant 
Scheme (Research Grant GR/TO 1 044/0 1). 
Many major pulsed power laboratories worldwide are devoting much effort to 
the development of power sources for applications such as the production of powerful 
X-ray, electron, ion and microwave generators, with the magnetically insulated 
transformer being seen as a key element leading towards a very lightweight and 
compact system. Beneficiaries from the research will include research groups engaged 
in fundamental experimentation in areas such as high-energy particle accelerators, 
magneto and electro optical solid-state physics, plasma physics (fusion) and 
astrophysics. Once the technology is proven, it can be adopted in other important 
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research areas relating to medicine, electromagnetic metal forming and the aerospace 
industry. 
1.4 Thesis organisation 
Chapter 2 of the thesis introduces filamentary modelling, which takes 
magnetic diffusion fully into account and enables the resistances and self and mutual 
inductances of the transformer windings that are effective under fast transient 
conditions to be calculated. The general formulation and governing equations for the 
electrical properties of B -current circuits and z-current circuits are described in detail. 
Besides a detailed description of the solutions applied to a number of electromagnetic 
issues such as inductance calculation, skin and proximity effect, magnetic field, 
electromagnetic forces, capacitance calculation, electric field etc, two-dimensional 
models for spiral-strip and helical HVTs are presented and the models are 
benchmarked with experiment results. 
In Chapter 3, Finite Element Analysis is used to analyze the electric field and 
potential distribution in both spiral-strip and helical transformers, which is very 
important for the design and development of high voltage equipment and electrical 
insulation. Results from an extensive study of field enhancement at the winding edge 
are presented and discussed, to find an optimum design parameter, and a simple 
technique is introduced for grading the electric field in a spiral-strip transformer. 
Chapter 4 describes the detailed design of a spiral-strip wound 500 kV 
transformer that uses self-magnetic insulation. A description is given of the novel 
technique used to grade the electric fields internal to the secondary winding and so 
prevent an electrical breakdown. Two-dimensional filamentary modelling and 
ANSYS finite element software are both used in the design and prediction of the 
overall performance. 
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Chapter 5 describes the arrangement of a 1 MV Tesla transformer with 
external magnetic insulation. Again both two-dimensional filamentary modelling and 
ANSYS finite element software are used in the design. The resulting arrangement is 
both lightweight and compact in comparison with any alternative presently available 
and opens the way to multi MV level self-insulating transformers. 
Chapter 6 summarizes the large numbers of experiments carried out to verity 
the designs of Chapters 4 and 5. Details of the construction of both 500 kV spiral-
strip magnetic self-insulation transformer and 1 MV Tesla transformer with magnetic 
insulation are given. Experiment results are presented, analyzed and compared with 
predictions made by numerical modelling. 
Conclusions and suggestions for future work are given in Chapter 7. 
21 
Chapter 2 Filamentary modelling 
2 Filamentary modelling 
2.1 Introduction to filamentary modelling 
Pulsed power physics and technology has become increasingly important in a 
wide range of high-power applications, which might be either repetitively pulsed or 
single shot. In either case it is essential to know the response of the electrical 
conductors that comprise the system network, in order that any potential damage can 
be assessed. The currents involved may be up to several MA, and even during the very 
short time scales involved these may give rise to dangerous movement of the 
conductors, together with melting and possible vaporization and plasma formation. A 
computer code is therefore required that includes as complete a description as possible 
of the basic physics that is involved, and which can be used to investigate the multi-
dimensional parameter space of the situation, to establish the optimum conditions, to 
interpret the experimental data, and to indicate how the system efficiency can be 
improved. Without such a reliable code, far more experimentation would be needed, 
and to obtain the optimized design for the overall system would require a long, tedious 
and costly process. 
When electrical pulses are present in an electromagnetic field, the transient 
behaviour of both the electric currents and magnetic fields are fully described by 
Maxwell's Equations. For low-frequency problems these can be reduced to the 
diffusion equations, which are commonly used to describe the classical physics of 
electric current and magnetic field penetration into a conductor. Depending on the 
details of the problem under investigation, the diffusion equation can be solved using 
several different methods with judiciously selected boundary conditions. 
Magnetohydrodynamic modelling is the conventional technique. Unfortunately it is a 
very demanding task to apply this technique to a complex arrangement or to determine 
the ohmic heating and the electromagnetic forces. In the past such considerations have 
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led to the development of extremely complex numerical codes, run on large computers 
in laboratories developing nuclear weaponry. On occasions, the costs involved have 
even been so high as to exceed the cost of an actual experiment. Alternative codes that 
employ finite element analysis (FEA) are available commercially, and are used 
currently at Loughborough to solve difficult multi-physics problems [2.1], but they are 
again invariably complex and costly. 
Filamentary modelling is a simple but accurate and general-purpose numerical 
technique that enables a full description of electromagnetic, thermal and dynamic 
interactions to be included in a model, while stilI preserving considerable 
mathematical simplicity. It provides a very useful tool when more advanced codes are 
either unavailable or too costly, or when fast preliminary designs of complex 
implosion machines are required. It owes much to the work reported previously by the 
Institute of Solid State Physics, Japan [2.2-2.3] and developed at Loughborough 
University [2.4-2.9], with a long history of progressively more complicated and 
refined theoretical models, all attempting to reproduce as accurate as possible reliable 
experimental data. 
In essence, fiIamentary modelling is a systematic numerical procedure for 
solving the assembly of ordinary differential equations that arises in, for example, 
electromagnetic problems. It is applicable to systems in which the temporal and 
spatial variations of the current distribution carry the most important information 
about the system. Once this distribution has been established, the performance of the 
system can be specified. In its basic form, the fiIamentary approach originated with 
Maxwell's inductance calculation [2.1 0]. In recent times, developed forms have been 
used in modelling both electromagnetic launchers [2.11] and ultrahigh magnetic field 
generators [2.3]. It has also been demonstrated that the method is able very accurately 
to calculate both skin [2.12] and proximity effects [2.4]. Loughborough has recently 
introduced a number of novel features into the modelling, mostly related to the fast 
dynamics of imploding/exploding structures, and has successfully applied the 
technique in a very wide range of pulsed power applications, including explosively 
driven flux-compression generators [2.5], multi and single-turn inductive launchers 
[2.6-2.7], and electromagnetic flux-compression [2.8]. The technique has also been 
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used to provide an improved understanding of a novel electromagnetic teclmique 
developed for remote activation across thick metallic shields [2.9]. 
2.2 General formulation 
A filamentary model can be produced by following a well-defined process. 
Initially, the given assembly of conductors is divided into an assembly of filaments in 
the direction of the current paths through them, once these are known. The filaments 
must be sufficiently small for the current distribution in their cross sections to be 
regarded as uniform and, as a rule of thumb, the dimensions will be much less than the 
equivalent skin depth, The number of filaments required to describe accurately their 
properties under transient conditions is obtained by calculating the parameters for a 
relatively small number of filaments, and then repeating the calculations for a 
progressively increased number, until the differences between successive calculations 
are less than say 1%. A practical example is discussed later. 
Once the replacement of the solid conductors by the current filaments is 
complete, the ohmic resistance of each filament is determined from its cross-sectional 
area, length and temperature dependent resistivity. By assuming a uniform current 
distribution across the cross-section of the filaments, the self-inductances can readily 
be calculated from well-known formulae, as can the mutual inductance between every 
possible pair of filaments. Thereby the electromagnetic problem is reduced to a simple 
circuit problem, in which the solid conductors are represented by an assembly of 
current filaments. The currents in each branch are defined as state variables, and the 
circuit equations are written as a set of linear first order differential equations that 
have to be solved for the circuit currents. A typical set of equations will appear in 
matrix form as: 
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~ MI2 M 1•N 11 V, 
d M,., L, M'N I, V, (Eq.2.l) = dt 
M N.1 M N., LN IN VN 
where N is the number of filaments, !!.... is the time derivative, I. (i = 1..N) is the 
dt '
current in the i
'h filament, V; (i = I .. N) is the complete inductive voltage term in the 
circuit containing the i'h filament and M,.} (i,j = l..N) is the mutual inductance 
between the i'h and the j,. filaments. When i = j , M,.} become L
" 
the self-
inductance of the i'h filament. 
Equation 2.1 can be written in the abbreviated form: 
!!..(fMI./l) = V; , (i= l..N) 
dt j=1 
or even more compactly as: 
d 
-(M·I)=V 
dt 
(Eq.2.2) 
(Eq.2.3) 
in which M , I , V are the inductance, current and voltage matrices. Any 
electromagnetic problem will be either dynamic or static, and in the most general 
dynamic case Equation 2.3 can be expressed as: 
M.dI+dM.I=V 
dt dt 
(Eq.2.4) 
while for the simpler static problem, in which the mutual inductance matrix is 
time invariant, it takes the reduced form: 
dI M·-=V 
dt 
(Eq.2.5) 
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The set of first-order differential equations that corresponds to the filamentary 
circuit model is solved using numerical ordinary differential equation solvers such as 
the Runge-Kutta or block iterative Newton methods, with the filamentary currents 
thus calculated providing the current distribution in the conductors. If some material 
properties and discretization geometries create circuit branches with different time 
scales, causing the differential equations to be stiff and difficult to solve using the 
Runge-Kutta integrator, the Gear method can be used to overcame the stiffness 
problem. 
Any non-linear considerations that arise in the numerical modelling process 
are normally dealt with by transforming the corresponding non-linear equations into 
equivalent linear equations. Finally, from the knowledge of the filamentary currents, 
the magnetic and electrical field distribution, the electromagnetic forces between 
filaments, the energy deposited in the conductors, the temperature distribution and so 
on can all be obtained. 
Most of the EM devices encountered in pulsed-power work have rotational 
symmetry about one axis, which is conventionally termed axial symmetry. Because of 
this fortunate situation, the models developed in this thesis are restricted to conductor 
arrangements capable of being defined in cylindrical co-ordinates (p, z, B), with 
symmetry about the z -axis. Therefore, in the most general case, the effect of an 
arbitrary current path through the symmetrical conductors can be defined in terms of a 
combination of z and B currents. 
In the thesis, specific approaches are described for the current path followed 
by both z and B currents. It is shown that, in the case of z (axial) currents, integrals 
are obtained that can be readily evaluated, leading to analytical solutions for the 
corresponding resistances and inductances. 
However, an exact analytical solution is extremely difficult to obtain for the 
B -currents, although a very good solution can be obtained by the numerical 
evaluation of a system of differential equations. 
26 
Chapter 2 Filamentary modelling 
2.3 Electrical properties of B-current circuits 
Circular coils are widely used in various electromagnetic applications such as 
coil guns, tubular linear motors, single-layer coils, coils with rectangular cross section, 
current reactors, and antennas. No matter if it is single-layer or multi-layer, helical or 
spiral, cylinder or conical, all can be divided into circular rings, and the problem is to 
solve a set of ordinary differential equations. In the following section, consideration is 
given to the electric and magnetic parameters of conductors with B -current, i.e. 
circular circuit elements in the form of rings or loops. 
2.3.1 Magnetic vector potential of a circular current loop 
p 
x 
y 
Figure 2.1 Circular current loop 
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To determine the properties of an axially symmetric system, the magnetic 
vector potential A is calculated at a point P , remote from the circular current loop 
shown in Figure 2.1 as [2.13] 
(Eq.2.6) 
where 
k' = 4ab 
(a+b)' +z' (Eq.2.7) 
and K(k) is the complete elliptic integral of the first kind, given in [2.14] as: 
K(k)= f, d<p 
,I, ~I_ k' sin' (jJ (Eq.2.8) 
and E(k) is the complete elliptic integral of the second kind, given in [2.14] as: 
" E(k) = f~I-k'sin2<p.d(jJ (Eq.2.9) 
Values for both the above elliptic integrals are available in standard tables. 
Alternatively, they can be calculated using either numerical integration or, for faster 
results, specially designed numerical procedures [2.15]. 
2.3.2 Magnetic flux density of a circular current loop 
Since the relation between magnetic flux density B and magnetic vector 
potential A is: B = V x A, the magnetic flux density can be specified by the two 
equations [2.13]: 
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BP = Pol, z [-K + (Ij)' + p' +z' El 
, 2tr p[(Ij+p)'+z't' (Ij-p)'+z' (Eq.2.l0) 
BZ = Pol, 1 [K + (Ij)' - p' -z' El 
, 2tr [(Ij + p)' + z'l'l2 (Ij _ p)' + z' (Eq.2.l1) 
since a circular loop will produce no B-directed component of magnetic flux 
density. 
2.3.3 Forces between two parallel coaxial loops 
Figure 2.2 Forces between two parallel coaxial loops 
The magnetic forces acting on a small loop of wire in a magnetic field are 
exactly like those acting on an electric dipole in an electric field, and any electrical 
29 
Chapter 2 Filamentary modelling 
circuit may be considered as a mesh of such loops. Figure 2.2 shows two parallel 
coaxial loops of wire of radii a and b , carrying currents I and t. The mutual forces 
can be specified as [2.13]: 
F.P. = 2;rr./,B~ I.) I J (Eq.2.12) 
F!. = 2;rr.J.BP I,) , , J (Eq.2.13) 
Substituting into Equations 2.12 and 2.13 from Equations 2.10 and 2.11 leads to: 
(Eq.2.14) 
(Eq.2.l5) 
2.3.4 Mutual inductance of two parallel and coaxial circular loops 
Because of the relatively low rise-time of the currents occurring in the pulsed 
power applications considered in this thesis, it will be acceptable to use only simple 
low frequency formulae when calculating both self and mutual inductances. 
When the filamentary cross section is neglected, the mutual inductance 
between two coaxial filaments having radii 'i and rj and an axial separation dij can 
be calculated from Neumann's formula [2.13]: 
M =.&.. Jfds. ds' 
471' r 
(Eq.2.16) 
where ds and ds' are incremental sections of the filaments, the dot implies a scalar 
product, and r is the distance between the filaments. The exact integral is obtained 
from an adequate parameterization ofthe geometry of the filaments as [2.13] 
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(Eq.2.17) 
where k, K and E are defined by Equations 2.7, 2.8 and 2.9 respectively, 
Although Equation 2.15 was developed for conductors of negligible cross-
sectional area, it nevertheless provides a good approximation in many other cases 
when the mean radii ofthe loops are used in the calculations. 
2.3.5 Self inductance of circular loop 
2.3.5.1 Finite rectangular cross-section conductors 
At low frequency, the self-inductance of a ring of rectangular cross-section is 
given to a very good approximation by [2.16] 
L; = .uor,[ln(Sr,/(h; +1,»-0.5] (Eq.2.18) 
where r, is the mean radius of the ring, h; and I, are respectively the axial and radial 
dimensions of the cross section and r, » h; + I; • 
2.3.5.2 Finite circular cross-section conductors 
The self-inductance ofa ring of circular cross-section can be taken as [2.16]: 
L( ) [I Srm 7 r/ (I Srm 1)] r r = 11 r n---+- n-+-m', ro m 4 S 2 3 ~ rm r" 
(Eq.2.19) 
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where rm is the mean radius, r, is the radius of the cross-section, and terms of order 
(~)4 and above are neglected. For rm » r" Equation 2.16 may be reduced to: 
rm 
8r 7 
L(rm, r,) = IVm (In --"'- - -) 
r, 4 
2.3.5.3 Finite ribbon cross-section conductors 
(Eq.2.20) 
When hi »t" more accurate expressions are available. For a circular ribbon 
with a radius r, and an axial length 2t , under the approximation t« a, the self-
inductance can be expressed as [2.3] 
where 
Lj =.uo'i(0.3862944+0.173084Oq2_lnq-O.2538683t!lnq) 
q= t/ j2r, 
2.3.6 Resistance 
(Eq.2.21) 
(Eq.2.22) 
Here we only discuss the resistance, as in a DC calculation. This implies that is 
necessary to investigate the relationship: 
(Eq.2.23) 
where r is the mean radius of the circular loop of length I, S is its conductor cross-
sectional area and 17(Pd,T) is the resistivity of the conductor at a density Pd and a 
temperature T. 
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2.4 Electrical properties ofz-current circuits 
For the z -current circuits, consider the case of a typical simple rail gun. 
Because of symmetry, both the upper and lower rails can be partitioned in the same 
manner into a number of filaments of finite cross-sectional areas such that each 
filament in the upper rail has a corresponding one in the lower rail as shown in Figure 
2.3. The following sections investigate the magnetic and electrical properties of 
conductors carrying a z-current distribution, i.e. cylindrical and conical circuits, with 
stationary magnetic fields. 
y 
Filaments 
'"-----7': 
,,- " I .~ I 
x 
Figure 2.3 Hypothetical rail gun configuration used for filamentary modelling 
2.4.1 Magnetic flux density of straight conductor in z-current circuits 
As a consequence of the assumption of a stationary magnetic field, the current 
in the situation investigated below is assumed to be uniformly distributed throughout 
the cross-sectional area of the conductor. 
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The flux density B produced by a long straight circular conductor of radius ro 
will be determined. To do this, a closed circular path of radius r is selected, at right 
angles to the conductor and with its centre on the axis of the conductor. Applying 
Ampere's circuital law, and performing the necessary integration, leads to the result 
for the circular component of the magnetic flux density Bo as: 
Po r 
--21,r$ro 
() 21fro Bo r = 
PO!...r>/', 
21f r' 0 
(Eq.2.24) 
The radial component B, of B can be obtained by integration of B over the 
surface ofa Gaussian cylinder of radius r. Since no current flows through this surface 
area, the radial component B, must always be zero. 
2.4.2 Forces between two parallel filaments 
For two parallel straight wires distance a apart, and carrying currents 1 and 
I' , the repulsive force per unit length is 
F = ± Poll' 
21fa 
(Eq.2.25) 
The positive sign is taken when 1 and I' are in opposite directions, and the 
negative sign when they are in the same direction. 
2.4.3 Mutual inductance of two parallel filaments 
To calculate the mutual inductance between two parallel filaments of finite 
length, it is assumed that the filaments can be regarded as having zero cross-sectional 
area, regardless of whether they belong to the same or to different loops. With 
reference to Figure 2.2, the mutual inductance [2.16] is then 
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fJ IF!;' g'd M=-/[ln(-+ 1+-)- 1+-+-] 
21T d d I' 1 
(Eq.2.26) 
2.4.4 Self inductance of coaxial structures 
The self-inductance of a system is defined as the flux linkages produced with 
the system by a unit current. For the self-inductance of a single filament of finite 
length and of circular cross section of finite radius, the formula is [2.16] 
L=-I In(-)--fJ [ 21 3] 
21T p 4 
(Eq.2.27) 
2.4.5 Resistance of cylindrical conductor geometry 
For a hollow cylindrical conductor of length /z' inner radius 1'; and outer 
radius ro' 
(Eq.2.28) 
When it is necessary to account for skin depth, it is more convenient to replace 
ro - 'i by J , giving 
(Eq.2.29) 
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2.5 HVT inductance calculations 
2.5.1 The textbook formula 
Usually, calculation ofthe inductance of a winding is perfonned with the aid 
of ready-to-use expressions [2.16]. These include coefficients that are derived under 
the assumption that each layer of the winding can be replaced by a cylindrical shell in 
which the current is unifonnly distributed. The coefficients are tabulated as a function 
of the winding geometry. But when the current rise time in the coil is very short, the 
assumption that the current is uniformly distributed may not be satisfied, and this 
method is then not sufficiently powerful. Especially when the inductor is very large, 
the predicted inductance may be inaccurate, as is the case in many high power 
transformers. 
2.5.2 The Energy Method 
Once the filamentary currents of, say, the high-voltage transformer are known, 
the magnetic energy stored in all the filamentary self and mutual inductances can be 
calculated at any time during a discharge of the capacitor banle The total energy 
stored in a winding can be found directly by adding the magnetic energy associated 
with each of the filaments, and the result obtained must be equal to the energy stored 
in the corresponding element of the lumped component model (i.e. Lf ). The self-
inductance of the single-turn primary winding is then given by 
~~Mi'lil' 
'1'1'J J 1= J= Lp = N ( ¥ Id 2 
i=1 
(Eq.2.30) 
and that of the multi-turn secondary winding (represented by N concentric 
cylinders) by 
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NI NI 
L L Mijljlj 
Ls ; i;Np+! j;Np+! 
! NI ( L 1;)2 
N i;Np+! 
(Eq.2.3I) 
Similarly, the mutual inductance between the primary and secondary windings 
is 
M 
Np Nt 
L L MijI;Ij 
;;1 j;Np+l 
Np 1 Nt 
L 1;( L I;) 
;=1 N ;=Np+l 
(Eq.2.32) 
Although the above 'energy method' is necessary to account accurately for 
dynamic changes in the HVT inductance due to current redistribution during a fast 
transient process, it may demand lengthy calculations on a PC. If however a very fast 
answer is required, particularly during a multi-parameter investigation at the early 
stage of a transformer design, a simplification may be introduced by considering the 
filamentary currents in a winding as all equal i.e., a homogeneous current distribution. 
No differential equations now need to be solved, and the results can be obtained on a 
PC by a simple summation, usually taking only a small fraction of a second. Although 
this 'simplified energy method' is obviously less precise, a number of comparison 
have shown that the results provided are normally adequate for initial investigations. 
2.5.3 The Magnetic Flux Method 
Another technique that is potentially useful is to consider the magnetic field 
distribution in the coils. To calculate the inductance, the single-turn primary winding 
can be considered as a cylinder and the secondary winding regarded as a set of multi-
turn concentric cylinders. The z axis field distribution H, (r, z) inside a cylinder of 
length I is [2.2]. 
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H,(r,z) = (I 11)_1 r l-xcoslfI 
4:r I + x' - 2x cos \I' 
X{[Y'(1+X' -2XC:~;;+(1-z')'/4l112 
I+z' } 
+ [y'(1 + x' - 2xcOSIfI)+(1 + z')'/4f12 
where y = all, X= rl a, and z· =zl(l12). 
The self-inductance of one cylinder can be calculated from 
• 
(Eq.2.33) 
(Eq.2.34) 
where a is the radius of the cylinder, I and H;(r,O) are the current in the cylinder 
and the magnetic field that it produces. 
The mutual inductance M'.f between two concentric cylinders is calculated 
from 
M,.f = ~o r H;(r,O)2:rrdr 
f 
(Eq.2.35) 
where aj is the radius of the inner cylinder, If and H;(r,O) are the current in the 
outer cylinder and the magnetic field that it produces. 
In general, the self-inductance of the primary winding is 
Lp = Po f" H, (r, O)2:rrdr 
Ip 1, 
(Eq.2.36) 
The self-inductance of a multi-turn secondary winding represented by n 
concentric cylinders is 
n n 
Ls= LLj + LM,.f (Eq.2.37) 
;=) i,j=1 
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where L; is the inductance of the i,h of the secondary cylinders and M,.j is the mutual 
inductance between the i and j cylinders. 
The mutual inductance between the primary and secondary windings is 
(Eq.2.38) 
where Mp; is the mutual inductance between the primary and the i,h of the n 
secondary cylinders. 
2.6 Skin and proximity effects 
In an electromagnetic field in which electrical pulses are involved, eddy 
current effects may have a major influence on the system behaviour and 
characteristics. These effects are normally termed skin effect and proximity effect. 
Skin effect is a tendency for an alternating current to flow mostly near the outer 
surface of a solid electrical conductor. This effectively limits the cross-sectional area 
available to carry the current, increasing the resistance of that conductor above what it 
would normally be for direct current. Proximity effect is the tendency for current to 
flow in other undesirable patterns, such as loops or concentrated distributions, due to 
the presence of magnetic fields generated by nearby conductors. The relative 
magnitudes of skin effect and proximity effect losses in a coil will depend on the 
number of turns, on the spacing between the turns and on the shape of the winding. In 
transformers and inductors, proximity effect losses normally dominate skin effect 
losses. 
Usually, skin and proximity effects in the coil are included as loss mechanisms, 
based on familiar handbook formulae [2.17], developed for round wire single-layer 
coils carrying a steady sinusoidal current, but these gross over-simplifications can 
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introduce extremely large errors. It has been demonstrated however that the 
filamentary model can very accurately calculate both skin [2.6] and proximity [2.7] 
effect, and a practical example of the filamentary method applied to the two-
dimensional current diffusion analysis of a single turn coil is discussed later. 
2.7 Magnetic field, forces and other issuers 
Evaluation of the distribution and strength of the magnetic fields in various 
pulsed power systems consisting of massive conductors is very important. For 
example, magnetic coupling with nearby metallic elements may have a significant 
affect on the overall behaviour of the system, (and can readily be introduced if these 
are non-ferrous), or the response of inductive magnetic pick-Up probes may need to be . 
predicted. The strength and the complete magnetic field map can be obtained easily 
from filamentary model by adding the individual flux densities produced by all the 
different filaments, and the radial and axial components of each filament are defined 
by Equations 2.10 and 2.11. 
When large currents are present, the forces between the windings of a 
transformer may be sufficient to cause them to become distorted, so that it is 
important to evaluate the size of the forces between windings. The forces can be 
calculated by summing the individual filamentary contributions, with the axial and 
radial forces between the i1h filament of one winding and the jlh filament of the other 
using the formula Equations 2.14 and 2.15. 
If required, the time variation of the resistances of both windings during a 
transient loading can also be calculated by considering the Joule energy deposited in 
each filament [2.7]. In the same way the temperature distribution inside the conductors 
can be predicted. In addition, the inevitable coil movement can be estimated by adding 
the appropriate mechanical equations of motion. 
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2.8 Capacitance calculation 
Once the cross section of conductor is decomposed into a set of n infinitely 
thin circles positioned at heights Zj with radii Ij, and if each ring has a uniform 
charge distribution with a total charge ql , the potential If' due to ring j at any given 
position ro, Zo is given by: 
'P (r, z)= q, Q (~-l)= q, K 
, 0' 0 4 2 PI -1, k 2 2 2 R tr &oVlro'il 2 1! 8 0 I (Eq.2.39) 
Considering then the mutual influences between all the rings, a matrix P can 
be computed that allows calculation of the potentials VI at each ring once the charge 
qj is known [2.1 0]: 
(Eq.2.40) 
For the calculation of the "self-potentials" P", the radius of the rings R is 
defined as 
R = a sin i1B 
Jt 2 (Eq.2.4l) 
This radius makes the area of the surface of the ring identical to the flat area 
represented by it. 
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Assuming that the conductor has uniform potential V , the charge distribution 
at all the rings can be calculated by inverting the matrix P. Using the influence 
coefficients k,.J to represent the coefficients of C [2.10], Equation 2.40 can be written 
as 
" q ,= V" k. . L..J I,) 
J",I 
C=p-I (Eq.2.42) 
and the capacitance of the whole assembly is simply the sum of all the elements of C: 
(Eq.2.43) 
The capacitance matrix around an electrical system including a series of 
objects with axial symmetry can also be easily calculated if the objects are 
decomposed into series of rings. To obtain the capacitance matrix is merely a matter 
of adding the terms of the total capacitance matrix that corresponds to the rings that 
belong to each object, instead of adding them all to obtain the capacitance of the entire 
system. The charges on all the rings can be obtained from the complete equation 
q = CV , with the assigned voltages of the objects arranged in correspondence with the 
rings that belong to the objects. The potential anywhere around the objects (with 
assigned voltages) is obtained by adding Equation 2.39 for all the rings. 
For the whole electrical system, the terms in the diagonal of the capacitance 
matrix correspond to the capacitances of an object to ground, when all the other 
objects are grounded. The off-diagonal influence coefficients express the relation 
between the charge induced in one object and the voltage in another, when all the 
other objects are grounded. From the capacitance matrix, a model of the circuit using 
lumped capacitors can be derived, by observing the equivalence [2.10]: 
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kll kl2 k" 
C = k,z kzz kz, 
k" kz, k" 
ClI +C,z +···+C" -C,z 
-C,z Czz + C,z + ... + Cz, 
= 
-Cz, (Eq.2.44) 
C, , C2 , ••• , C, are direct capacitances between the elements and the ground, 
and the other elements are the negative of the floating capacitances between the 
objects. The direct capacitance to ground for the object i is simply the sum of the 
elements in the line, or column, i of C. 
2.9 Electric field and potential distribution 
The electric field at any point can be calculated by adding the electric fields 
due to the rings. From Equation 2.39, the radial and axial components of the electric 
field can be calculated by differentiation, resulting in: 
(Eq.2.45) 
E __ d'¥, = q,(z,-zo)E 
~'a'- d 2 z R 3k" Zo :r So 1 
(Eq.2.46) 
E,otol = ~ EradiaJ 2 + E axial 2 (Eq.2.47) 
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where the derivative of the elliptic integral K with respect to the modulus k is used: 
dK 
dk 
.1 
E-k K. dE = E-K. k" =l-k' 
kk" 'dk k' (Eq.2.4S) 
The potential anywhere around the objects is obtained by adding Equation 2.39 
for all the rings, and the electric field by adding Equations 2.45 and 2.46 using 
Equation 2.47. 
2.10 2D modelling ofHVT 
2.10.1 HVT basic geometries 
i 
", 
HVT 
Figure 2.4 Loughborough based pulsed power system including a spiral-strip HVT 
[2.1S] 
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Figure 2.5 Helical HVT developed at Texas Tech University (ITU), USA [2.19] 
1- primary, 2- secondary, 3- outer insulator (Photo courtesy of Dr. Michael 
Giesselmann. The TTU work was funded by the Explosive-Driven Power Generation 
MURI program funded by the Director of Defense Research & Engineering and managed 
by the Air Force Office of Scientific Research). 
When used in high power systems, HVTs are normally constructed in either 
the spiral-strip configuration of Figure 2.4, in which both the primary and secondary 
windings are usually wound from copper sheet, or the helical arrangement of Figure 
2.5, in which at least the secondary winding is in the form of a relatively thin 
conductor. The merits and drawbacks of both configurations are summarized in Table 
2.1. 
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2.10.2 2D modelling of a spiral-strip HVT 
Figure 2.6 shows a simplified view of a typical spiral-strip HVT, with a single-
turn thick primary winding connected to a flat transmission line (TL) and the 
secondary winding represented by an assembly of N thin, concentric slotted cylinders 
connected in series. The two windings have a common ground connection. The radius 
of the cylinder is given by 
(Eq.2.49) 
Table 2.1 Relative merits and drawbacks of HVT designs for use in high·power 
systems 
HVTtype Advantages Disadvantages 
-large coupling coefficient possible -primary winding cannot accept a 
(>0.9) parallel transmission line feed and a 
Spiral·strip -can carry large currents (> 1 MA) in 'fish-tail' adaptor is needed to couple to 
both winding circuits a coaxial configuration 
-coaxial output, as required by most -relatively complex to manufacture 
loads -high secondary capacitance 
-can be scaled for multi- MV operation 
-relatively easy to manufacture -low coupling coefficient «0.8) 
Helical -can be easily adapted to a coaxial -difficult to scale to above 1 MV 
geometry -cannot drive large currents 
-low secondary winding capacitance secondary winding 
·can have extremely high 
secondary/primary turns ratio 
where k=I,2".N, and rm is the radius of the plastic mandrel (not shown) that supports 
the secondary winding. The pitch p of the secondary winding is determined by the 
combined thickness of the winding conductor and the inter-layer insulation provided 
46 
in the 
Chapter 2 Filamentary modelling 
by thin Mylar foils, and takes into account air that is always present between the 
layers and represents some 20% to 30% of the total insulator thickness. 
In many applications, the low frequency of the transformer currents enables 
the magnetic field to diffuse easily through the thin secondary winding conductor, and 
the effective skin depth is greater than one half of the conductor thickness. It is then 
possible to represent the winding by a single layer of filaments, and on this basis 
Figure 2.7 shows a filamentary representation for a spiral-strip HVT. Due to axial 
symmetry it is only necessary to calculate the currents in one half of the transformer, 
say the upper part, which considerably reduces the time needed for the numerical 
analysis. The model requires a total of Nt = Np + Ns filaments, with the number in 
the primary winding given by Np = np x mp, the product of the number of rows np and 
columns mp, and the number in the N secondary windings by the corresponding 
Figure 2.6 Simplified view of spiral-strip HVT circuit for use in filamentary 
modelling 
P-primary, S-secondary, TL-flat transmission line(input), HV-high voltage output 
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Figure 2.7 Filamentary representation of the spiral-strip HVT 
product Ns=nsxmsxN. It follows from Figure 2.7 that the equivalent circuits for 
the primary and secondary windings are as in Figure 2.8, when the corresponding set 
of first-order differential equations that has to be solved is 
Q dIp dIp l-!P _pdIj NI p-sdIj 
Vo-v=Lbar+R/p+Lfar+Rp/i+ ~ MP -d -. L M. d j=1 Ij I }=Np+1 Ij I 
(i=I, ... ,Np) 
(Eq.2.50) 
dIs N k NI s_sdIj l-!P s-pdIj 
Lt-=-t + RZIs + L RSi Ii + ,L MIj" -d - 'f:. MIj" -d = 0 
ut k=1 }=Np+ 1 I }=I I 
dQ = Ip 
dl 
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(Eq.2.51) 
(Eq.2.52) 
Chapter 2 Filamentary modelling 
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lP2 LPl Rpl 
lPM> LPM> Rpp.p 
f--
(a) 
Is 
(b) 
Figure 2.8 Equivalent filamentary circuit diagram for a spiral strip HVT 
(a) primary circuit (b) secondary circuit. For clarity mutual inductances are 
omitted. 
In the equations above C, Vo and Q are respectively the capacitance and 
initial voltage of the capacitor bank and the charge delivered to the circuit. Resistances 
Rb , RI and inductances Lb , LI arise from the capacitor bank (including the 
transmission line and closing switch) and the load. The primary and secondary 
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Np 
currents I p and /, are given by the sum of the filamentary currents I, as Ip = 2 L Ii 
i=1 
Nt 
and Is = 2 L Ii, while the filamentary resistances in the primary and in the 
i=Np+1 
secondary k,. winding are RPi = 2trri and Rs1 = 2trrk where (1", is the electrical 
ui'ap cri'as 
conductivity at the temperature of the i1h filament. As shown in Figure 2.7, r, is the 
radius of the i1h filament of cross sectional area ap = hp· tp in the primary winding 2np·mp 
and as = hs . ts in the secondary. The self inductance of the i1h filament is given by 2ns·ms 
Equation 2.21, while the mutual inductance between the i1h and j,. filaments with an 
axial displacement dij is from Equation 2.17. The superscripts identity the inductively 
connected elements e.g. M p_' is for a mutual inductance between a pair of filaments 
situated respectively in the primary and secondary winding, and for convenience 
Mij = L, is the self inductance of the i1h filament. Since in Equations 2.50 and 2.51 
only half of the currents are considered, when terms containing filamentary mutual 
inductance are evaluated the sum must include filaments situated in both the upper 
and the lower part of the transformer, thus 
(Eq.2.53) 
2.10.3 2D modelling of a helical HVT 
A typical helical HVT comprises a multi-turn primary winding made from 
copper sheet and a secondary winding of thin copper wire. As a consequence of the 
loss of symmetry resulting from the tapered secondary winding diameter adopted in 
most designs to reduce the electric field stress, an the filamentary winding currents 
have now to be calculated. A filamentary representation of the helical HVT is given in 
Figure 2.9, the equivalent circuits for the primary and secondary windings are shown 
in Figure 2.10 and the corresponding set of first-order differential equations is 
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Figure 2.9 Filamentary representation of the helical HVT 
RSL and Rss are the greatest and smallest radii of the secondary winding plastic 
mandrel (not shown). 
z 
v. _Q -L dIp +RbIP+Lffft + ~ Rp~Ij+ NPL.xN Ml}P'-pdd1j -. 't! MgP'-sdd'Ij 
o "C - b Tt k=l I )=1 t )=NpxN +1 t 
(i = 1, ... ,Np) 
(Eq.2.54) 
dl Nt Nt dI· NpxN dI· 
L s +RIIs+ L RskIj+ L M~.-sJ_ L M~.-PJ=O 
ITt k=NpxN+l j=NpxN+1 l} dt j=l l} dt 
dQ = Ip 
df 
(i=Np+l) 
(Eq.2.55) 
(Eq.2.56) 
where the terms are as defined in Equations 2.50-2.52, except for (with reference to 
Figure 2.9): 
Nt=NpxN+Ns, 
Np 
Ip = j~l Ij , Is = I Np + l R 
k = 2:r rk 
, P,· 0" j ·ap 
R 2:rrj ap _ [pO ·tp and as = :r (d O)2 
Sj = O"j.as ' - np . m P 4 
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(b) 
Figure 2.10 Equivalent filamentary circuit diagram for a helical HVT 
(a) primary circuit (b) secondary circuit. For clarity mutual inductances are not 
shown. 
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2.11 Benchmarking with experimental results 
2.11.1 Inductance calculations 
The inductances of a range of transformers have been calculated by all the 
methods mentioned here, and the results obtained for a typical spiral-strip HVT 
developed for the Loughborough pulsed power system shown in Figure 2.4 are 
presented in Table 2.2, where they are also compared with experimental 
measurements. The single-turn primary winding of this transformer is made from a 
copper sheet for which rp = 139.485 mm, lp = 600 mm and tp = 0.25 mm. The 
N= 15 turn secondary winding is wound on a cylindrical plastic mandrel from a 
I, = 600 mm strip of copper sheet, for which t, = 0.1 mm, p = 0.812 and rm = 125 
mm . Calculations based on the 2D model show that, in this case, the time variation of 
the HVT inductances predicted by the energy method for the particular transient 
loading that it experiences are negligible. The number of filaments chosen for 
evaluating the inductances by both energy methods was 100 for which, as presented in 
Figure 2.11, a change of the filament number by ± 20 gives a change in the calculated 
inductance of less than 1 %. 
A similar comparison was made for the helical HVT shown in Figure 2.5 that 
was developed at Texas Tech University, with the results obtained being presented in 
Table 2.3. It is important to note that, due to the thin conductors usually used in the 
secondary windings, the magnetic flux technique is not applicable to helical HVTs. 
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Figure 2.11 Variation of primary inductance Lp with the number of filaments in 
the axial direction np 
(the technique used in finding the optimum number of filaments for the 
Loughborough 15 turn spiral-strip HVT is to choose np= I 00 for which a variation by ±20 
units gives a difference in Lp ofless than 0.7 %.) 
Lp (nH) 
M (pH) 
L, (pH) 
Table 2.2 Calculated and measured inductances for the Loughborough spiral-strip 
HVT 
Energy Simplified Magnetic flux Textbook 
Measured result 
method energy method technique formulae [2.16] 
106.278 107.438 117.369 106.324 103±3% 
1.393 1.399 1.554 1.398 1.32±3% 
20.437 20.611 25.698 20.557 20±3% 
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Table 2.3 Calculated and measured inductances for the Texas Tech University 
helical HVT [2.19] 
Energy Simplified Textbook Measured result 
method energy method formulae[2.l6] [2.19] 
Lp (pH) 3.470 3.479 3.406 3.46 
M (pH) 88.922 88.922 90.52 86 
L, (pH) 13.2343 13.210 13.99 13.02 
2.11.2 Dynamic HVT performance in a conditioning system 
To benchmark the 20 filamentary modelling predictions, the simulated load 
voltage corresponding to the conditioning circuit in Figure 2.12 was compared with 
published results [2.20] in Figure 2.13. For modelling the opening switch, in this case 
an aluminium foil, the data given in [2.21] was used. A similar comparison is shown 
in Figure 2.14 for the Loughborough pulsed power system presented in Figure 2.4, 
with the complete system data presented elsewhere [2.18]. 
The agreement evident in both Figures 2.13 and 2.14 confirms that the present 
2D filamentary model can successfully be used to predict accurately the dynamic 
performances ofHVTs in high power conditioning systems. 
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Figure 2.12 Equivalent lumped circuit of a laboratory based pulsed power system 
400 
320 
.-.. ~ 240 
~ 
E 
-'. 160 ~ 
80 
1/15 ~ 
,~# .... 
: '-'.". 
/ V .. <\ , 
, 
if "'\,<C 
.\ 
I .\ I":·. , .... '" '- "'" '- --.. 
". 
~ ......... : ....... -"'" 
---: -- - ---- __ 00. 
--
-. '. --. --'. --
0 
0 0.3 0.6 0.9 1.2 1.8 
time (ps) 
Figure 2.13 Load voltage for the laboratory based system presented in [2.20] 
(a) experimental load voltage from [2.20] (b) theoretical prediction from [2.20] (c) 
theoretically predicted using the present 2D filamentary model 
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Figure 2.14 Load voltage for the Loughborough system presented in Figure 2.3 
full line-measured load voltage, dotted line-theoretical prediction using the 2D 
filamentary model [2.18] 
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3 Finite element analysis 
3.1 Introduction to FEA 
Finite Element Analysis (FEA) is a computer-based numerical technique 
developed originally for calculating the strength and behaviour of engineering 
structures. Such structures may have complex geometry and loading, and 
consequently may either be very difficult to analyze or even to have no analytical 
solution. However, by using FEA, a structure of this type can be readily analysed 
numerically. It is not only useful for analysing classical static structural problems, but 
also in such diverse areas as mass transport, heat transfer, dynamics, stability, and 
radiation problems. 
The term "finite element" distinguishes the technique from that of the 
infinitesimal "differential elements" used in calculus, differential equations, and 
partial differential equations. The method is also distinguished from finite difference 
equations, in which, although the shapes into which space is divided are finite in size, 
there is little freedom in the selection of these shapes. FEA provides a way of dealing 
with more complex structures than is possible with partial differential equations and it 
deals with complex boundaries better than finite difference equations. FEA also makes 
it possible to evaluate a detailed and complex structure on a computer, and it can be 
used in many disciplines for optimizing new designs, verifYing the fitness of existing 
facilities, performance predictions and evaluating new concepts. A computer 
demonstration of the adequate strength of the structure and the possibility of 
improving the design during planning can easily justifY the cost of the work involved. 
In the Finite Element Method, a structure is broken down into many small 
simple blocks or elements. These are connected at discrete joints called nodes, which 
together form a grid termed a mesh. This is programmed to contain the material and 
structural properties that define how the structure will react to certain loading 
conditions. For each element in the model, equations can be written relating the 
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displacements and forces at each node. As all the elements are joined together to form 
the structure, the equations describing the behaviour of the individual elements are 
combined into an extremely large set of equations that describe the behaviour of the 
whole structure. From a computer solution of these equations, the behaviour of the 
individual elements can be extracted and the deflection of all the parts of the structure 
can be determined. 
Pnprocess 
pos;;;rocESS 
Inbt t results 
V isuilize resulb 
Gene:tale FEmesl'es (a.tcertainsize) I 
t~:!!"ili"-'To1t';_~.,." .. ;,>_~~~= I'·. 
@ 
Figure 3.1 Typical FEA process 
c:::::> DOClUlUlni 
.suIts 
A typical FEA process includes the steps shown in Figure 3.1. The first 
decision is to use either a 2-D or a 3-D program to model the engineering structure, 
which is then divided graphically into small elements so that the mechanical 
behaviour of each and every element can be defined by a set of differential equations. 
The differential equations are converted into algebraic equations and then into matrix 
equations suitable for a computer-aided solution. The element equations are combined 
and a global structural equation is obtained. After appropriate load and boundary 
conditions are introduced, the resulting deflection is calculated at the nodes. A node 
can be shared by several elements, and the deflection at the shared node represents the 
deflection of the sharing elements at the node location. The deflection at any other 
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point in the element is calculated by an interpolation of all the node points in the 
element. Both linear higher order interpolation function and the individual element 
matrix equations are assembled into a combined structure. Although the evidence at 
the postprocessing stage may give the impression that the solution is accurate, it may 
not in fact predict the correct behaviour. FEA will always give some sort of solution, 
even for a poorly developed model; however, the resulting solution may be highly 
incorrect for the analysis of the physical phenomenon. The usefulness of the FEA 
result depends significantly on the preprocessing stage. 
Commercial FEA programs are written so that the user can solve complex 
engineering problems without knowing the governing equations or the mathematics; 
the user is required only to know the geometry of the structure and its boundary 
conditions. For the studies in this thesis the commercially available program ANSYS 
(www.ansys.com) was used. ANSYS is a widely available general-purpose finite 
element analysis program for engineering analysis, that can solve a wide range of 
structural, mechanical, electromagnetic, thermal, fluid and biomedical problems and 
can provide the appropriate values of displacements, forces, stresses, strains, 
temperatures and magnetic fields. Analysis types available range from a simple, linear, 
static analysis to a complex, nonlinear, transient dynamic analysis. 
3.2 Field computations 
Finite Element Methods permit the calculation of electric potentials and fields 
in complicated geometries. The ANSYS program provide a set of drawing tools which 
allow the user to input the geometry in as much detail as desired. More sophisticated 
programming even allows a parametric input, so that changes in one or more 
geometric parameters, such as the distance between electrodes in an electro-dynamic 
problem, can be easily accomplished without redoing the entire geometry. Both 20 
and 30 versions are available, although the input to the 30 version is, of course, far 
more complicated. For many problems, a 20 geometry can provide an adequate 
approximation to the real configuration, and it usually allows consideration of an 
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axisymmetric geometry by inputting the relevant cross section. In this sense, it is 
really solving a 3D problem which happens to have cylindrical symmetry. The (x,y) 
2D geometry is, in reality, modelling an infinitely long object having the specified 2D 
cross-section. 
The basic geometry that the user inputs is subdivided into a triangular mesh, 
with smaller triangles used in regions where the potential is expected to change most 
rapidly. Larger triangles can adequately describe more slowly varying potential 
regions. ANSYS is able to perform automatically the triangular meshing and, through 
an iterative process, even to refine the mesh in critical regions until the desired 
solution accuracy is achieved. When linear triangles are used, the potential is solved 
only at the triangle nodes and a linear interpolation scheme is used to approximate 
inside the triangle. For higher-order triangles additional nodes are added per triangle, 
and higher order polynomial approximations are used to find the potential inside the 
triangles. 
The geometric input to the solution represents an important step. Very often, 
full details are unnecessary for a determination of the fields in critical regions. Thus 
the user must know when it is reasonable to ignore certain geometric details that are 
irrelevant to the problem. This not only saves the labour involved in inputting the 
geometry but it can also considerably reduce both the computer memory and solution 
times required 
Finite element programs require that the user input sources and the appropriate 
boundary conditions for the problem are at hand. In the case of electric potential 
calculations, the sources are electric charges and the boundary conditions include 
specifying the voltage at one or more electrode surfaces. These are often the surfaces 
of metallic objects and they thus have a constant potential throughout. It is therefore 
unnecessary to model their interiors. Typically, the program will allow the user to 
declare such metallic objects to be nonexistent, so that the solution is not considered 
in their interiors. Their surface is however still included as an equiptential surface. 
Sometimes this is a boundary surface, so that it already has no interior. A metallic 
object can also be allowed to float, so that its potential becomes part of the problem 
solution. 
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On external boundaries, where no specification is made, the assumption is that 
these have natural or Neumann boundary conditions. This means that the normal 
derivative of the potential vanishes along them and implies that the potential lines (in 
2D) or surfaces (in 3D) enter the boundary at right angles. This type of boundary is 
usually used to express some symmetry condition. For instance, a long conducting 
cylinder can by modelled by means of a circle. However, by symmetry, only a quarter 
of the geometry needs be modelled, and natural boundary conditions are imposed on 
the new boundaries created by isolating this region. Another boundary condition, the 
balloon boundary, is also allowed. This type of boundary is equivalent to saying that a 
boundary does not exist and that the solution continues beyond it, as if there was 
empty space out to infinity. 
3.3 General formulation 
When the Finite Element Method is used for field computation, it results in a 
set of linear equations that are solved by direct matrix or iterative methods. The 
electric stress in any element is calculated by differentiating the approximated 
polynomial function. 
When the time-derivative of the magnetic flux density {~~} (the quasistatic 
approximation) is neglected, the electric field is governed by the following Maxwell's 
equations [3.1]: 
VX{H}={J}+{~} 
VX{E}={O} 
V.{B}=O 
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(Eq.3.3) 
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V.{D}=p (Eq.3.4) 
It follows from Equation 3.2 that the electric field {E} can be derived from: 
{E}=-VV (Eq.3.5) 
where V = electric scalar potential 
where 
where 
Without velocity effects, the constitutive relations for the electric field are: 
{J} = [a]{E} 
{D}=[c]{E} 
I 0 o 
Pxx 
[0']= 0 1 
Pyy 
o = electrical conductivity matrix 
0 0 
Pxx =resistivity in the x-direction 
~ 1 = pennittivity matrix 
Cu 
Cxx =pennittivity in the x-direction 
The conditions for {E}, {J}, and {D} at a material interface are: 
Ell -E'2 = 0 
J oDI' J oD2, +--- +--
I, at - 2, at 
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(Eq.3.7) 
(Eq.3.8) 
(Eq.3.9) 
(Eq.3.l0) 
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Ell' Ell =tangential components of {E} on both sides ofthe interface 
J",J" =normal components of {J} on both sides ofthe interface 
D",D" =normal components of {D} on both sides of the interface 
p, =surface charge density 
In quasistatic electric analysis, the relevant governing equations are Equation 
3.5 and the continuity equation: 
(Eq.3.1I) 
Substituting the constitutive Equations 3.6 and 3.7 into Equation 3.11, and 
taking into account Equation 3.5, leads to the differential equation for electric scalar 
potential: 
-v .([u]VV)-V .([e]v 0;;)= 0 (Eq.3.12) 
Equation 3.12 takes into account both conductive and dielectric effects in 
electric materials and it can be used to approximate a time-varying electric field. 
Neglecting any time-variation in the electric potential, Equation 3.12 reduces to the 
governing equation for steady-state electric conduction: 
-v.([u]vv)=o (Eq.3.13) 
In the case of a time-harmonic electric field analysis, Equation 3.12 can be re-
written as: 
-v .([e ]vv)+lv .([u]VV) = 0 
OJ 
(Eq.3.14) 
where: 
OJ = angular frequency 
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In electrostatic analysis, the electric scalar potential equation for electrostatic 
analysis is derived from the governing Equations 3.4 and 3.5, and the constitutive 
Equation 3.7 as: 
-V'([b']VV)=p (Eq.3.15) 
The finite element matrix equations can be derived by variational techniques, 
which exist for linear and nonlinear material behaviour as well as for the static and 
transient response. Based on the presence of linear or non-linear materials, the 
appropriate Newton Raphson Method is chosen for the derivation of the 
electromagnetic matrices; when transient affects are to be considered a first-order time 
integratIon scheme must be involved. 
The electric scalar potential V is approximated over the element by: 
V={Nf {v.} (Eq.3.l6) 
where: 
{N} = element shape function 
{v. } = nodal electric scalar potential 
The application of the variational principle and finite element discretization to 
the differential Equation 3.12 produces a matrix equation in the form: 
[C]{V,} + [K]{V,} ={I,} (Eq.3.l7) 
where: 
[K]= f(V{N}Tf [CT](V'{Nf)d(val) = electrical conductivity coefficient 
'01 
matrix 
[ C] = f( V' { Nf f [ &] ( V' {N} T) d ( val) = dielectric permittivity coefficient 
wl 
matrix 
val =eJement volume 
{I,} = nodal current vector 
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A time-harmonic electric analysis can also be performed. In this case, the 
variational principle and finite element discretization are applied to the differential 
Equation 3.14 to produce: 
(Eq.3.18) 
where: 
[K] = f( V {Nr n 6]( V {N}T)d (vol) = dielectric permittivity coefficient 
'0/ 
matrix 
[C]=-J, f(V{Nrf [a](V{N}T)d(vol) = 
{J) ",/ 
electrical conductivity 
coefficient matrix 
matrix 
{Q; } = nodal charge vector 
The matrix equation for an electrostatic analysis is derived from Equation 3.15: 
[K]{V.} = {Q,} (Eq.3.19) 
[K]= f(V{Nrf [6](V{Nr)d(vol) = dielectric permittivity coefficient 
'" 
{Q,} = {Q;} + {Q:} + {Q:'} 
{Q:} = f{p}{N}T d(vol) 
'0/ 
{Q:'} = f{p,}{N}T d(vol) 
, 
{p} = charge density vector 
{p,} = surface charge density vector 
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3.4 Electrical field analysis of spiral strip pulse transformer 
Understanding the electric field and potential distribution is very important in 
the design and development of high voltage equipment and electrical insulation, since 
it is the intensity of the electric field that determines the onset of breakdown and the 
rate of increase of current before breakdown. 
primary 
turn 
secondary 1urn 
,...---".J.-,_~ 
(a) 
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Figure 3.2 A spiral winding arrangement showing (a) electric field distribution (b) 
equipotentiallines 
Once the electric stress and distribution are properly estimated, special care 
can be exercised in eliminating the stress in those regions where it is expected to be 
high, such as in the presence of sharp points. Electric field control methods form an 
important component of the overall design of equipment, otherwise higher stresses 
will trigger or accelerate aging of the insulation and lead to its failure. 
The spiral winding arrangement shown as an example in Figure 3.2 is a seven 
parallel cylindrical conductor electrode system, with the outside cylinder representing 
the single-turn primary coil and connected to the ground at 0 kV. The other six 
cylinders represent the 6-turn spiral-strip secondary coil with the outside turn also 
connected to the ground. The voltage of the cylinders are set at 500 kV, 400 kV, 300 
kV, 200 kV, 100 kV and 0 kV respectively. The radius of the concentric secondary 
turns can normally be considered to be much greater than the pitch of the spiral, when 
the inter-turn electric field is almost radial and is very close to that produced by two 
flat parallel plates having an area equal to the surface area of two adjacent turns 
regarded as cylinders. With spiral-strip transformers, the voltage standoff is largely a 
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function of the radial thickness of the secondary winding, because the turns directly 
overlay each other. The winding stack has therefore a radial voltage gradient between 
the high-voltage inner turns and the Iow-voltage outer turns. The principal weakness 
of simple spiral strip windings is their tendency to break down from the thin edges of 
the strip. An arc breakdown typically emanates from the edge of one of the final turns, 
flashes across the insulation margin, and closes with the Iow-voltage primary. Such 
breakdowns practically always damage the insulating film in the margin and leave a 
heavy carbon path through the oil. 
3.4_1 Edge effect 
Although the ideal electric field between two parallel plates will be 
perpendicular to the plates and have a uniform distribution, near the edges there will 
be some distortion of the field and a corresponding enhancement. That is associated 
with equipotential lines emerging from between the turns and bending sharply around 
the edges, as shown in Figure 3.2 (b), which shows how severe the edge effect are, i.e. 
how different the edge field is compared with the interior field. 
In a spiral-strip HVT, thin copper foil is normally used as the winding 
conductor. Since the foil is very thin, often less than a millimetre, a very large field 
enhancement occurs at the edges of the winding conductors. In FEA, for electrodes 
with a very small radius or a sharp edge, higher order polynomials can be used to 
approximate the potential distribution within the corresponding elements when a much 
finer mesh must be used. But the accuracy is sometimes inadequate, because of the 
limitation on the smallest size of element that can be used and the approximation to a 
curved path by small line segments. Attention must clearly be paid to this, since the 
electric stress may in reality be higher than the simulation predicts. From practical 
experience, field enhancement in the edge regions limits operation of a bare spiral 
strip to 300 to 400 kV, even with the best insulating films and oils. 
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3.4.2 Field enhancement factor 
It is often possible to obtain a good estimate of the electric field in a certain 
region of a transformer by idealizing the geometry to such an extent that the field can 
be calculated analytically. This has the advantage of exhibiting the field as a function 
of several parameters so that the effect of changing these and the corresponding affect 
on the field can be appreciated. 
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Figure 3.3 Geometry of a planar layered insulation structure 
As an example, consider the layered insulation structure having the planar 
geometry shown in Figure 3.3. This could represent the major insulation structure 
between two cylindrical windings having large radii. The disc structure can be further 
approximated as a smooth surface, so that the resulting field calculation would be 
representative of the field away from the corner of the discs. 
fD.dA=q (Eq.3.20) 
, 
where D is the displacement vector, dA is a vectorial surface area with an outward 
normal, and q is the charge enclosed by the closed surface S . 
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One of Maxwell's equations is used to solve Equation 3.20. Because of the 
assumed ideal planar geometry, the surface charge density on the electrode at potential 
V is uniform and, for example, is designated u in Figure 3.3. An opposite surface 
charge of -u exists on the ground electrode. Note that both electrode potentials could 
be raised by an equal amount without changing the results. Only the potential 
difference matters. The materials are assumed to have linear electrical characteristics 
so that 
D=sE (Eq.3.21) 
holds within each material, where the permittivity s can differ within the various 
layers as shown in Figure 3.3. 
Because of the planar geometry, the D and E fields are perpendicular to the 
planes of the electrodes and layers. Thus if we take our closed surface to be the dotted 
rectangle shown in Figure 3.3, which has a certain depth into the figure, so that the 
two vertical sides actually represent surfaces of area A, the only contribution to the 
integral of Equation 3.20 which is non-zero is that part over the right vertical surface 
where the displacement vector has the uniform value labeled D, in the figure. Thus, 
for this closed surface Equation 3.20 becomes 
D,A=q=uA=>D, =u 
Using Equation 3.21 applied to layer i, Equation 3.23 becomes 
u E,=-
s, 
The potential V can be written by definition as 
V=- jE.dl 
(Eq.3.22) 
(Eq.3.23) 
(Eq.3.24) 
where the line integral starts at the 0 potential electrode and ends on the V potential 
electrode. In terms of the E fields in the different materials and their thickness I" 
Equation 3.24 becomes 
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(Eq.3.2S) 
(Eq.3.26) 
solving for er and substituting into Equation 3.23 yields 
E.= V 
, (~/'J E. L...J-.L 
, )=1 Ej 
(Eq.3.27) 
Letting I be the total distance between the electrodes so that 1 = I, + I, + ... and 
defining the fractional lengths by J, =!J.., Equation 3.27 can be expressed as 
1 
Eo (Eq.3.28) 
where Eo is the electric field between the electrodes if there is only one layer of 
uniform material between them. 
A somewhat better estimate can be made of the electric field in the major 
insulation structure between two coils if the geometry is considered to be cylindrical, 
which is also useful when approximating to the field around a long cable of circular 
cross section. The general case of a multi-layer concentric cylindrical insulation 
structure is shown in Figure 3.4. The innermost cylinder is at a potential V and the. 
outermost at zero potential, although it is only their potential difference that matters. 
From symmetry, the D and E fields are directed radially. Assuming that there 
is a surface charge per unit length along the inner cylinder of A., Equation 3.20 can be 
applied to the broken line cylindrical surface in Figure 3.4, which is assumed to 
extend a distance L along the axis with disc like surfaces at either end. The only 
contribution to the integral is along the lateral sides of the cylinder. 
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, 
, 
".' I 
(Eq.3.29) 
(Eq.3.30) 
D; 
Figure 3.4 Ideal layered cylindrical insulation structure 
Using Equation 3.30 and starting the line integral from the outer zero potential 
electrode, Equation 3.24 becomes 
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(Eq.3.3I) 
Solving for A and substituting into Equation 3.30 gives 
E, v (Eq.3.32) 
For non-unifonn fields (e.g., a cylindrical conductor-plane configuration), the 
maximum macroscopic field strength Em" of an electrode system is more likely to be 
at the conductor surface. The increase in stress value as compared to that under the 
unifonn field condition is characterized by a field enhancement factor h, thus 
(Eq.3.33) 
where E"", is the maximum electric field in the layer and Ea is the average electric 
field between two winding conductor layers, which is the same as the electric field 
between two infinite parallel plate. The field enhancement factor can be obtained as a 
function of the dielectric material factor 17, area effect 15 and edge effect factor fJ. 
The dielectric material factor 17 is detennined by the dielectric constants of the 
insulation layer and the thickness of the multi-layered dielectric material in an 
inhomogeneous field configuration as stated in Equation 3.28. In a homogeneous field 
configuration, 17 is I. 
In practice, all conductors exhibit a rough surface, with the degree of 
roughness being dependent upon the production process [3,4]. This inherent 
microscopic surface roughoess leads to an increase in the field strength, which can be 
quantified in tenns of an area factor 15 . The influence of different geometric 
parameters upon 15 can be assessed by examining roughness models, which 
incorporate simple protrusion geometries. However, as the microscopic geometry of 
74 
Chapter 3 Finite element analysis 
practical surfaces is extremely complex, analytical studies cannot provide the actual 
.5 values associated with such surfaces. 
To reduce any edge effects, the edge of the winding conductor is always made 
as round as possible, and the relation between the radius of the edge and the field 
enhancement has been investigated [3.2]. As an example, if the thickness of the 
conductors in a spiral strip winding is 0.01 cm, their length is 45 cm and the gap is 
0.09 cm, the relation between radius r and the edge effect factor f3 is: 
f3 = 1.0 + 1.63e-120' (Eq.3.34) 
where the r is in centimetres. The edge effect factor decays exponentiaJly and 
approaches 1 as the radius of the edge increases. 
3.4.3 Field enhancement optimisation 
Extended study results of field enhancement optimization by finite element 
method are presented below and discussed to find an optimum design parameter of the 
spiral-strip pulse transformer. Several techniques had been introduced which reduce 
the field enhancement at the edge of the windings, with the first being to make the 
winding conductor edges as round as possible. The second was to control the 
properties of the insulation material around the winding conductor [3.3] and the third 
to add a coaxial shield across the margins of the secondary windings [3.4]. 
3.4.3.1 Round edge 
To avoid the possibility of undesirable "edge effects", such as arise from a 
local enhancement of the uniform gap field at the highly sharp edge of an electrode 
[3.5], it is essential to machine the outer edges of plane-parallel electrodes so that they 
have a rounded profile. The effect is illustrated in Figure 3.5. which contrasts the 
distribution of electric field lines associated with pairs of unprofiled and profiled 
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electrodes. In an ideal fonn, the profile must ensure that the electrode surface field 
never exceeds its unifonn mid-gap value. This generalized requirement can be 
quantified by detailed field computations, which are defined in tenns of the electrode 
separation and show that short gaps require a more highly radiussed profile than large 
gaps. As a result of the proven operational advantages to be gained from this 
precaution, electrode profiling is now adopted as standard practice in high voltage 
engineering. 
.c-:::: ~ 
/ 
"" 
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(a) (b) 
Figure 3.5 The distribution of electric field lines with (a) unprofiled electrode (b) 
profiled electrode 
3.4.3.2 Insulation material 
In an example of a paper-oil layering in planar geometry, with all the paper 
lumped into one layer for calculational purposes, and with subscript I referring to the 
paper layer and subscript 2 to the oil layer, the enhancement factor 77 = E / Eo, Le., the 
ratio of the fields with and without a paper layer can be written from Equation 3.28 as 
I (Eq.3.35) 
where J; = I, /1, /, = I, /1 with I = I, + I, are the fractional lengths of materials I and 
2 respectively. 
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Control of the properties of the dielectric constants or the thicknesses of the 
layer of insulation material around the winding conductors can reduce the electric 
field stress. In the case of solids, breakdown originates within the volume, except 
possibly for thin films, so that the effect depends on the volume of the dielectric and 
not the electrode area. However, for liquids and gases the breakdowns generally 
originate from the electrodes, when the relevant parameter is the area of the electrodes. 
Generally, liquid and solid dielectrics have standard deviations of>IO% of the mean 
field, and even for gases an area effect has been found in large, high-pressure dc 
systems. 
3.4.3.3 Cage techniques 
If a HVT is operated in air and at a voltage above 200 kV, extremely long 
breakdown tracking paths have been observed along the surface ofthe Mylar insulator. 
Increasing the width of the edge of the Mylar is certainly not practical, and the best 
solution was demonstrated in the development of a 3 MV HVT [3.4], where a 
collection of axially connected split rings were used in a structure termed a 'cage'. 
Cages, positioned at each end of both the primary and secondary windings (the cages 
for the secondary winding are mounted on the plastic mandrel), control the electric 
field grading in the HVT by straightening the lines of equal electric potential at the 
ends of the windings. Consequently, the field enhancement is greatly reduced and the 
edge breakdown can be prevented. 
Figure 3.6 demonstrates the remarkable improvement brought about in the 
Loughborough 15-tum spiral-strip HVT (shown in Figure 2.3 and with the complete 
system data presented in [2.21]) by the cage configuration similar to that suggested in 
[3.4]. In Figure 3.6 the small rings have a cross-sectional diameter of I mm and the 
space between them is 1.5 mm. However, a drawback in field experimentation, where 
the HVT is destroyed at every shot, is the rather expensive end ring of Figures 3.6 and 
3.7 confirms that this can be replaced by a simple ring of 4 mm diameter without 
losing any of the benefits of the original cage. Even more important, Figure 
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(a) 
(b) 
Figure 3.6 Map of electric field equal potentials for the spiral-strip Loughborough 
HVT 
a) no cage present: maximum electric field is 247 MV / m b)using complete cage 
configurations similar to those in [24]; maximum electric stress is halved, 120 MV / m 
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Figure 3.7 Same as Figure 3.6, but using simplified end rings: maximum electric 
field 112 MV Im 
Figure 3.8 Same as Figure 3.6, but only one cage present: maximum electric field 
133 MVlm 
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3.8 shows that the substantial reduction of the electric field intensity that is still 
obtained if only the secondary winding cage structures are present, could, in some 
cases, be sufficient to enable a MV output HVT to operate under oil. Figure 3.9 
compares the smoothing of the electric field along the HVT edge using the different 
cage structures discussed above, that shows that the ring cage technique not only 
reduces the maximum electric field strength but also produces a more homogeneous 
distribution. 
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Figure 3.9 Electric field distribution along the edge of Loughborough spiral-strip 
HVT 15 turn secondary using various cage structures corresponding to A) Figure 3.6 (a), 
B) Figure 3.6 (b), C) Figure 3.7 D) Figure 3.8 
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3.5 Electrical field analysis of helical pulse transformer 
With helical transfonners, a high-voltage standoff between the primary and 
secondary windings is ensured by an insulated space between the windings, that can 
be either unifonn or tapered in the longitudinal direction. When tapered, the insulation 
thickness increases with the voltage along the length of the coil. Tum-to-tum 
breakdown is common with helical transfonners, arising from fast-rising voltage 
transients (usually less than 10 ns duration). Unlike the spiral-strip transfonner, the 
inner-turn capacitances are all directly connected in series to ground as shown in 
Figure 3.10 (a) and thus a fast voltage pulse can be capacitively graded through the 
thickness of the winding. The turns of a helical winding are inductive as shown in 
Figure 3.10 (b), and the capacitance between turns and from each turn to ground are 
insufficient to grade fast-rising transients. Consequently, a voltage pulse approaching 
the full amplitude of the transient can momentarily appear across the final turns of the 
secondary and cause breakdown. 
h Tum.to-gound capacitance 
J:-1?<> Turn. to- tU'n Vvinding _ ~ capacitance 
incIJctmce H L ~ ~± ,-+=-Turn-to-tU'n ~'~~.~. ~ c.p.citmce 
-=- I p - Winding inductance 
(.) (b) 
Figure 3.10 Equivalent circuit with (a) spiral-strip winding (b) helical winding 
One example considered here is a helical HVT developed at Texas Tech 
University (ITU) [3.6] shown earlier in Figure 2.4, which has a primary winding 
consisting of eight turns made of copper sheet wound in a spiral and a secondary 
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winding located inside of the primary winding, with 50 helical turns made of copper 
wire. During analysis, the helical coil is decomposed into an array of parallel rings 
lying along a common axis. The cage technique is also applied to the helical 
transformer, which is a capacitive voltage-grading dish across the output turns of the 
helical transformer. The comparison of the electric stress with or without the grading 
dish is shown in Figure 3.11. For spiral-strip HVTs, the cage technique can prevent 
the lines of equal electric potential bending sharply at the ends of the windings which 
is the fatal cause for breakdown, so the cage technique is extremely efficient. While 
for the helical HVTs, breakdown arises mainly because the capacitance between turns 
and that from each turn to ground are insufficient to grade fast-rising transients, so 
only smoothing the electric field distribution as the cage technique does is not 
adequate. As show in Figure 3.11, the cage technique introduces only a small 
improvement less than 15% in the case of helical HVT designs. 
(a) 
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(b) 
Figure 3.11 Map of electric field equal potentials for the helical ITV (a) with 
grading technique (b) without grading technique 
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4 Design of 500 kV spiral-strip transformers 
with magnetic insulation 
Fast and portable pulse power systems, especially in the mega volt range, have 
been in demand for many years, with high-voltage high-current transformers being 
key elements of many of the associated conditioning systems. They provide an 
attractive financial alternative to the Marx generator in applications such as charging 
the high voltage pulse forming transmission lines used with high power electron or ion 
beam accelerators, or driving portable X-ray sources and free electron lasers. In 
general, transformer systems are more compact than Marx generators, because the 
Iow-voltage primary capacitor bank is inherently a compact assembly and is not 
ordinarily operated in a tank of insulating oil. The resulting system requires 
substantially less floor space and does not involve separate oil storage and handling 
facilities. These simplifications yield a system that costs less to build and operate than 
does a Marx assembly. 
I FOe I I:~~~ , ... 
Conditioning unit 
Figure 4.1 Schematic of an explosively-driven single-shot power supply for a 
HPM load (FCO- flux-compression generators, OS- opening switch, HVT- high voltage 
transformer, SO-spark gap,) 
Air-cored pulse transformers can be used up to very high peak power levels 
(up to 10" W) or ultrahigh RF frequencies. The lack of a magnetic core means they 
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are not limited either by magnetic saturation or the composition of the core. In a 
typical practical example [4.1], they form part of the energy source for a high-power 
microwave (HPM) system based on explosively driven flux-compression generators 
(FCG). In this application, an output pulse of between 0.5 and 1 MV is required to 
drive a microwave generator (a vircator or a MILO) and, when a substantial 
microwave output is required, the voltage has to be maintained almost constant for up 
to about I ps. There is no simple technical solution that would enable the opening 
switch (OS) that forms a vital part of such a system to operate at the high output 
voltage required, and the simplest way to reduce the demand on the switch is to 
include an air-cored step-up transfonner (RVT) in the pulse-conditioning circuit [4.1], 
as shown in Figure 4.1. 
There are two types of winding for an air-cored transformer, one being helical 
and the other spiral strip. The advantages of the spiral-strip type are that they can be 
scaled for multi-MV operation and can carry large currents (> I MA) in both windings. 
With a spiral-strip transformer, the separation between the windings should be very 
small to achieve both a high flux linkage between the primary and secondary windings 
and a compact device. Considerable attention is however needed to prevent 
breakdown between the transfonner windings. Since the thickness of the winding 
conductors is likely to be less than a millimetre, field enhancement at the edges of the 
winding conductor can cause a high electrical stress, resulting in electron emission 
and leading to electrical breakdown (flashover) between the windings. To prevent this, 
Mylar-polyethylene insulation can be used [4.2], but the technique is difficult to 
extend to voltage above 500 kV. Oil insulation can overcome this limitation [4.3] but 
inevitably leads to relatively heavy and bulky equipment. 
The spiral-strip geometry is chosen for its high coupling coefficient and 
mechanical simplicity. Moreover, it is extremely favourable for the adoption of 
magnetic insulation, as the inter-turn electric field is radial and the magnetic field will 
utilize the major axial component of the single-turn primary coil rather than the much 
smaller radial components that would be used in a helical transformer [4.4]. 
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The presence of a transverse magnetic field (either self-generated or externally 
imposed) can divert a majority of electrons from a cathode and so prevent them from 
reaching an anode. This so-called "magnetic insulation" has been utilized to inhibit 
electrical breakdown in transmission lines [4.5], ion diodes [4.6], electron beams [4.7], 
magnetrons [4.8], and plasma opening switches [4.9]. Unfortunately, the technique 
has not previously been used in high power transformers, because of a number of 
apparently insurmountably difficulties. However, based on previous pioneering work 
at Loughborough [4.4], this chapter describes the arrangement of a spiral-strip wound 
500 kV transformer that uses magnetic insulation and is both lightweight and 
compact. The approach described can also be exploited in transformers with quite 
different geometries, such as high-current impedance-matching transformers [4.1 0] 
and the Tesla transformers used in electron beam accelerators and compact repetitive 
microwave power sources [4.1 I -4.12]. 
4.1 Transformer arrangement 
4.1.1 Description of transformer arrangement 
When pulsed power is fed to a high-impedance load from a low-impedance 
source, power-conditioning devices are required to provide impedance matching 
between the source and the load, and those most widely used are opening switches, 
closing switches and transformers. In an elementary transformer system, a low-
impedance source drives the primary winding and the load resistance is connected 
directly to the secondary winding, with matching achieved by adjusting the primary to 
secondary turns ratio. This approach is simple, but limits the opportunity for shaping 
the waveform applied to the load. 
An inductive energy storage transformer can be used as a combined impedance 
matching and power-conditioning system, which is particularly useful when the 
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timescale which characterizes the primary current source is long compared to the time 
scale required by the load. This approach can increase the peak power to the load, 
shorten its rise time and permit very compact geometry, in comparison to the 
capacitive discharge circuit. As shown in Figure 4.2, the transformer is fed by a pulse-
conditioning circuit. The high-energy capacitor bank C is discharged through the 
closing switch (CS) and the transmission line (R. and L.) into the exploding wire 
array (EW A) that acts as an opening switch (OS), with the circuit being completed by 
the single-turn primary winding of the high-voltage transformer (HVT). When the 
EW A explodes, the resulting very fast dl / dt excursion generates a high secondary 
winding voltage. At the optimum time, the high-voltage spark-gap (SG) closes the 
secondary circuit of the HVT, and a fast-rising voltage pulse is produced across the 
high resistance load. The corresponding set of first-order differential equations are 
obtained from Figure 4.2 as 
Q dIp V. - C =(L. +Lf +Lp)' dt +(R. +Rf)·lp -M ·1, (EqA.l) 
(EqA.2) 
CS HVT SG 
( 
11 
Lp )( Ls )Vo C 
Rf 
EWA 
Lf 
Figure 4.2 Equivalent lumped circuit of a laboratory based pulsed power system 
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Prima 
HVD 
Figure 4.3 Cross section of magnetically self-insulated HVT winding arrangement 
and capacitive voltage divider (HVD) [4.13] 
Figure 4.3 shows the physical arrangement of the magnetically-self-insulated 
HVT developed at Loughborough [4.13], including the built in capacitive voltage 
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divider on the output, and which is also illustrated in detail in Figure 4.4. A glass bell 
jar, positioned inside the single-turn primary, houses the 8-tum stainless steel 
secondary winding. The build in high-voltage capacitive divider (HVD) (see Figure 
4.3) enables the secondary voltage to be recorded. 
4.1.2 Primary and secondary coil parameters and material selection 
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Figure 4.4 Cross section ofMSI-HVT [4.13) 
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Much is known about the optimization of the technological parameters of a 
process for optimal inductor performance, though optimization of the geometry of 
inductors and transformers is difficult. Even for simple structures such as spirals, there 
are several parameters to optimize, including the radius of the spiral, the conductor 
width, the spacing, and the number of turns. Not much can be said in general, since 
the optimal geometry depends on the frequency of operation and also the required 
voltage. 
The transformer has coaxial geometry with a single-turn primary winding to 
achieve a fast rise time and a multi-turn secondary winding to provide a high output 
voltage. The transformer secondary inductance is determined by its geometry and 
number of secondary turns, and increasing the number of turns results in an increased 
secondary inductance. To attain high reliability and repeatability, a trade off has to be 
made between a good coupling coefficient and a high voltage stand off. The edge of 
the foil is polished and has rounded edges to minimize local field enhancement and 
arcing. 
Transformer windings are made extensively of high-conductivity copper, 
which in addition to its excellent mechanical properties has the highest conductivity of 
the commercial available metals. But copper is very soft and malleable, whereas an 
alternative, stainless steel is hard, which is helpful in preserving the approximately 
cylindrical geometry under strong electromagnetic forces. Moreover stainless steel is a 
very versatile material, which can maintain a significantly longer Iifespan than other 
materials with less maintenance costs. In the present case, the primary winding is 
made from high conductivity copper for efficiency, and the secondary spiral-wound 
coil from stainless steel sheet, which is mounted vertically to preserve its 
approximately cylindrical geometry under the strong electromagnetic forces. This 
arrangement offers a simple and effective geometry for use in a high-current design 
that needs only a few secondary winding turns. 
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4.1.3 Primary conditioning system and EW A design 
The primary circuit of a pulse transformer must possess a low resistance to 
obtain a large value of current and a low inductance to ensure a high time rate-of 
change of the current. The low impedance discharge path incorporates an opening 
switch, acting as a pulse conditioning system, with the opening switch being necessary 
to produce the large and rapid negative excursions of current needed to ensure the 
required high-voltage pulses are fed to the output load. 
A fuse opening switch was used for the primary pulse conditioning system. 
The fuse is an electrical conductor, which during the opening process experiences a 
very rapid rise in resistance as a result of heating. The heating is driven by the current 
which the fuse is intended to interrupt, and the heating leads to melting and eventually 
to vaporization of the conductor. A fuse consists of a relatively thin conductor usually 
in a form of a foil or an array of wires, with some form of relatively heavy terminal 
block at each end and in a medium which may be a bulk solid, a granular solid, a 
liquid, a gas, or even vacuum, surrounding the conductor. Here exploding wires are 
used, because they are more efficient than the foils used in the earlier low-energy 
system [4.14], and they were designed to synchronize the occurrence of large values 
of current and changing current with time. 
A large number of experiments were performed [4.15] to establish the 
optimum-tamping element for the wires. Air, water, sand (glass beads between 10 and 
100 pm in diameter), epoxy and various gels (sealant) were all investigated, together 
with exploding wire arrays (EWAs) of copper wire with diameters between 50 and 
250 pm. The well-known fact that thinner wires produce higher voltages when they 
explode was confirmed, although the difference between the extremes of wire size 
used was only 10%. Because a large number of parallel wires were required if the 
thinnest (and most fragile) wires were used in the EWAs, it was decided to adopt the 
more robust 250 pm diameter wire. It was somewhat unexpectedly found that air was 
the best medium in which to operate the arrays, although the normal assumption is 
that higher voltages are generated when the medium is water. This is probably 
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attributable to the fact that only very thin wires (well below 50 fJm diameter) respond 
better in water and to the relatively short rise time of the current in the present system, 
which are not the conditions that applied when most of the data reported in the 
literature was obtained. Also from [4.15], a further important finding was that two 
parallel connected EW As can generate a much higher voltage than a single EW A, 
which could bring about major improvements in conditioning techniques using 
opening switches. 
A high dI / dt pulse was generated by the EW A, with a high negative dI / dt 
excursion. It is well known that the behaviour of exploding wires depends on a 
number of parameters, including the material and dimensions of the wires [4.16-4.17], 
the time profile ofthe current [4.17] and the confining medium. A model is needed to 
optimize the EW A parameters as a compromise with the discharge circuit 
performance, which is described in detailed in next section. 
4.2 Filamentary modelling 
Filamentary modelling was used to predict the response of the circuit 
incorporating the vacuum transformer and to optimize the design, which was 
discussed in detail in Chapter 2. The preliminary tasks were to model the behaviour of 
the primary conditioning system, including the EW A opening switch, to calculate the 
self-inductance of both primary and secondary and also the mutual inductance 
between them, and to solve the set of linear differential equations describing the 
discharge system. The final stage was to tune the parameters of the discharge circuit 
within achievable limitations and geometry parameters of the transformer to satisfy all 
the requirements. 
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Calculation of the self-inductances of the primary and secondary windings and 
also the mutual inductance between them is described in Section 2.5.2 and the 
filamentary representation of the spiral-strip HVT is shown in Figure 2.6 with a 
detailed explanation given in Section 2.1 0.2. System optimization was obtained and 
the final design was as follows. The single-turn primary winding of the transformer is 
of 1.2-mm copper sheet, with a length of 100 mm and an outside diameter of 328 
mm. The 6-tum secondary winding is of 1.2- mm stainless steel foil, wound on a 
162.2 mm mandrel with a length of 100 mm and a pitch of 10 mm. The 2-
dimensional filamentary model gives the primary inductance as 430 nH , the 
secondary inductance as 12 pH, and the mutual inductance between the windings as 
1.37 pH. 
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Figure 4.5 Dependence of the energy on the EW A resistivity 
As an aid to the development of the EW A switching stage of the conditioning 
system, a simple experimentally derived curve of the EW A resistivity against input 
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energy (Figure 4.5) was obtained for a copper wire, from experiments using a fast-
discharge capacitor bank. This model was subsequently used in the filamentary 
modelling program to interpret data provided by further experiments, in which an 
EW A opening switch was connected at the input of the transformer primary winding. 
Figure 4.6 shows a simplified view of the EW A, with the transmission line as a 
ground plate. A filamentary representation is given in Figure 4.7. The mutual 
inductance between two filaments and the self inductance and resistance of each 
filament can be calculated respectively from Equations 2.26-2.28. The total 
inductance Lf can be calculated from the energy method presented in Section 2.5.2 
and the resistance Rf can be calculated based on the resistivity p(W) shown in 
Figure 4.5. EW A optimization was obtained by matching the number of exploding 
wires and their length with the total system inductance. 
EWA 
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Figure 4.6 Simplified view ofEWA for use in filamentary modelling 
(a) side view (b) front view 
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Figure 4.7 Filamentary representation ofEWA 
The process of building a 2D filamentary model of a transformer is described 
in detail in Section 2.1 0.2. When incorporating an EW A. Equations 2.50-2.52 can be 
written as 
Q dIp dIp "!P p'_pdIj Nt p'-sdIj 
V:O---r<=Lb-=-t +RbIp+Lf-=-t + Rj(w)Ip+Rp.I. + 2.: M. -d - L M. -d 
'- ut ut I I j=1 lj t j=Np+1 lj t 
(i = 1 •...• Np) 
dIs N k Nt s-sdIj "!P s_pdIj 
L/-:t7't +R,Is+ L Rs. Ii+ L M .. -d - L M.. d =0 
ut k=1 I j=Np+1 lj t j=l lj t 
dd~ = Jp 
dW RAW) l 2 
dt = mass p 
(i= Np+I •...• Np+ns) 
(Eq.4.3) 
(Eq.4.4) 
(Eq.4.5) 
(Eq.4.6) 
The discharge circuit is shown in Figure 4.2. the main capacitor bank is one 
52.47 pF capacitor. with an internal inductance of 7.2 nH and a resistance of 1.3 
mn. charged to a voltage of (0-25) kV (V.). The fuse package comprises an 
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exploding wire array of two to eleven OFHC copper wires of diameter 250 pm and 
length 135 mm-250 mm. A model for the EWA opening switch resistance (Rf ) was 
created as described in Section 4.1.3, with the experimentally derived curve of 
resistivity against energy being shown in Figure 4.5. The inductance of the EWA 
opening switch (Lf ) is calculated from the model as an approximation of two parallel 
plates using the principle explained in Section 2.4 (filamentary model with z-current 
circuits). The equivalent resistance and inductance of the bank circuit, including the 
transmission lines is 10 mo' (Rb) and the inductance is 20 pH (Lb)' When the initial 
capacitor voltage (v,,) is set at 25 kV and the EW A opening switch uses 6 copper 
wires with length 135 mm, the primary current, its time rate of change and voltage 
output can be obtained from the filamentary model as shown in Figure 4.8, from 
which we can see during pulsed operation, the very high rate of change with time of 
the primary winding current, leading to a correspondingly high voltage V being 
induced in the secondary winding shown in Figure 4.8 (c). 
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Figure 4.8 Primary current, its time rate-of-change and voltage output from the 
spiral-strip transformer 
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4.3 Breakdown analysis 
The breakdown mechanism of a high voltage vacuum gap is physically 
complex. Not only does its behaviour depend on a large number of macroscopic 
parameters, e.g. the electrode material, their geometry and separation, the residual gas 
pressure etc., but also upon the ill-defined microscopic properties of electrode surfaces 
as for example determined by their preparation procedures and the operational history 
of the gap. Equally, there is a wide range of physical phenomena, such as electron 
emission, microparticle emission, electrode heating and thermal diffusion processes, 
which can operate in such a complex regime and significantly influence the 
performance of a gap. 
The final stage of vacuum breakdown is an arc discharge due to an ionization! 
mUltiplication process in the metal vapour generated by the two electrodes. However, 
there is no unified approach to describing the breakdown initiating mechanisms. The 
prevalent explanations can be classified as electron emission-induced and micro-
particle-initiated breakdown, which can also be classified as cathode-initiated 
breakdown and anode-initiated mechanism. Generally speaking, for short gaps of 
d ,,; 2mm, where instabilities predominantly stem from electron emission processes, 
the breakdown is field-dependent, with the minimum d-spacing being determined by a 
critical breakdown field that is typically 3 - 5 x 107 V / m [4.18]; in practical terms this 
equates to 20 kV being safely supported by a 1 mm gap. On the other hand, for large 
gaps with d ~ 5 mm, where micro-particle processes are thought to become dominant 
[4.18], the breakdown becomes voltage-dependent so that the minimum d-spacing has 
to be determined from a relation of the form V. QC d m • Actually, to understand the 
breakdown initiation mechanism in practical HV vacuum insulation, a number of 
other physical processes must be accounted for, such as electrode material and surface 
preparation, ion bombardment, surface diffusion, and surface contamination as well as 
electrode surface micro-topography changes. 
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The breakdown voltage is also influenced by atmospheric pressure. For two 
uniformly spaced parallel-plane electrodes, the breakdown voltage decreases with the 
barometric pressure until a 340 V minimum value is reached. This phenomenon is 
due to the fact that, as the molecular density of the air is reduced, there is a greater 
likelihood that a free ion can traverse the space between electrodes without running 
into some other particle. However, as the pressure is reduced even further, the 
required voltage for breakdown increase once again, because the more limited number 
of air molecules makes ionization more difficult. 
In a spiral-type structure with thin-film electrodes, the electrode field at the 
film edge is considerately enhanced; hence the breakdown initiation will be dominated 
by the electron field-emission process. In fact, no matter which process initiates the 
edge breakdown in thin-film electrodes, they are all very similar in their outcome, 
with the extremely high electric field at the edge causing electron or charged particle 
emission (including ions) from the edge area, which are accelerated by the electrical 
field and hence gain energy. They will finally hit the opposite electrode, causing a 
breakdown if their energy is sufficiently high. On the basis of the above process, 
possible solutions to improving the insulation capability of the thin-film vacuum gap 
are to reduce the electric field at the thin film edge to eliminate the electron/charged 
particle emission, as discussed in Chapter 3, or to block electron/charged-particle 
movement in the vacuum gap. Using a magnetic field to change the trajectory is one 
of the solutions. 
4.4 Implementation of magnetic insulation technique 
It is well known that the presence of a transverse magnetic field can increase 
the electric strength of vacuum insulation [4.19-4.20). In spiral-strip geometry, the 
inter-turn electric field is radial and the magnetic field will utilize the major axial 
99 
Chapter 4 Design 0[500 kV HVT 
component of the single-turn primary coil rather than the much smaller radial 
component. In addition, the undesirable space charge gradients caused by charge 
accumulation occurring in the case of planar geometry are avoided [4.21). Bunching 
of the drifting electrons at the edges of the cathode can result in a buildup of space 
charge electric field E, parallel to the surface of the cathode. Unless this field is 
shorted out by a sufficiently high conductivity of the cathode or covered by the 
cathode plasma, an undesirable E, x B drift of electrons toward the anode will take 
place. A group of electrons then crosses to the anode followed by the growth of 
another electron clump at the edge as shown in Figure 4.9 (a), which is blamed for the 
failure of magnetic insulation in planar geometry. The space charge accumulation also 
happens at the end of cathode in cylindrical geometry, with insulation resulting from 
the azimuthal magnetic field Bo crossed with the radial electrical field E, . The 
electrons are induced to drift toward the end of the cathode region when an axial 
electric field is established, which when crossed with Bo forces the electrons to drift 
radially towards the anode. 
In spiral-strip geometry, as shown in Figure 4.9 (b), the insulation is provided 
by the axial magnetic field Bz crossed with the radial electrical field E,; the electrons 
flow radially and drift axially, which is later confirmed by the MAGIC simulation. 
4.4.1 Magnetic self-insulation 
4.4.1.1 Theoretical description 
Figure 4.1 0 shows a simplified model of the MSI-HVT. For a single-turn 
primary winding carrying a current Ip the magnetic flux density generated inside the 
coil is mostly axial, and because the secondary winding current is negligible the field 
will be mostly axial within the whole transformer. Neglecting any spatial field 
variation, the axial magnetic flux density is given by Bp = KIp, where the coefficient K 
depends only on the coil geometry. To simplifY the approach, the secondary winding 
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Figure 4.9 Mechanism for magnetically-insulated gap 
(a) electron drift in a magnetically-insulated gap representing planar geometry or 
cylindrical geometry with insulation resulting from the azimuthal magnetic field with 
radial electrical field. (b) electron drift in cylindrical geometry with insulation resulting 
from the radial magnetic field with radial electrical field. 
is approximated by a collection of N thin concentric slotted cylinders connected in 
series and separated by different distances Oi (i = I, ... , N-I) with Dj> Dj+! as shown 
in Figure 4.10 (b). In each cylinder an EMF is generated as Vi = -UdJrldt, where U is 
the mutual inductance between the primary turn and the i
'h secondary turn, which can 
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be readily calculated as described in Section 2.11.1. The positions of the (cylindrical) 
turns are such that the ratio (Mi+I+Mi)f2oj is approximately constant, which generates 
an almost equal electric field stress between turns. 
It is known [4.22] that when the distance between two electrodes in vacuum is 
larger than 1 mm, the relation between voltage breakdown (v) and gap distance (b) is 
no longer linear and is given by 
v=k# , (Eq.4.7) 
where k= 9.3xl05 V fm'l2 is a constant obtained by using data from [4.23]. Equation 
4.7 can thus provide a way to predict the breakdown voltage between each pair of 
turns and allow calculation of the characteristic vacuum breakdown voltage Vbreak of 
the HVT without magnetic insulation. 
(a) (b) (c) 
Figure 4.10 Schematic view ofa 3-turn spiral-strip HVT 
(a) view of the real transformer (b) simplified circuit, P-primary, S-secondary, 
TL-flat transmission line (input), EMF-electromotive force (c) simplified secondary 
winding geometry adopted in MAGIC® simulations. 
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According to Equation 4.7, the gap breakdown voltage increases with the gap 
length. Breakdown occurs when EOj > k'oJJi, or J j > (kIEl, which occurs at the largest 
gap if the inter-gap electric field is assumed to be the same for all gaps. Consequently, 
the magnetic insulation criteria will be calculated for J ,. Between two adjacent finite 
width cylinders, the electric field distribution is however non-uniform and the 
maximum electric stress E generated between the two edges can be approximately 
calculated using the geometry dependent field enhancement factor Fj [4.24], as 
E = FjV/oj. If Vs is the (secondary) HVT output voltage Vs = ~Vi, and if E is common 
to all pairs of turns, then 
(Eq.4.8) 
With relativistic effects, displacement currents and initial electron velocities all 
neglected, the minimum magnetic field Bm;, required to provide the insulation can be 
simplified from Equation 1.9 as 
(Eq.4.9) 
Substituting Equation 4.8 in Equation 4.9 with d = J" an approximation is 
provided to the minimum conditions for magnetic insulation as 
(Eq.4.10) 
where Jp mjn is the minimum primary current required to generate an output voltage V,. 
Because Jp and Vs are both easily measured, Equation 4.1 0 can be used for comparing 
theory and experiment. 
Equation 4.1 0 represents however only a first-order estimation and the 
following paragraphs therefore present detailed theoretical considerations using the 
electric and magnetic field distributions, taking into account the actual geometry of 
the grading structures. A 3D particle dynamics study then provides an accurate 
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prediction of the current-voltage characteristic ofa real device, and is for use as both a 
design tool and to aid the understanding and interpretation of experimental results. 
4.4.1.2 Estimation of magnetic insulation characteristics 
A simple way to estimate the primary current required for generating 0.5 MV 
with the MSI-HVT above described is to use Equation 4.1 0 with data provided in 
Table 4. J. Field enhancement factors F; for each pair of turns are given in the Table 
4.1 and were calculated from [4.24]: 
2 I u,+t 
Pi = 0.9 (~ ) 
rn --2r 
(Eq.4.1 I) 
The coefficient K in Equation 4.9 can be approximated as 
K= ,uo/(w+0.9a) = 5.08xI0-6 T 1 A from the inductance formula in [4.25]. 
Using these data, Equation 4.1 0 states that it is necessary for a current of more 
than 33.7 kA to flow through the primary circuit in order to generate a voltage of 
about 0.5 MV with the present MSI-HVT. 
Table 4.1 Main parameters of the simplified MSI-HVT model 
I 2 3 4 5 6 7 
0, (mm) 11 9 7 6 5 5 4 
Pi 2.31 2.18 2.09 2.08 2.13 2.13 2.32 
(M, + M'+I )/2 0, 2.49 2.45 2.63 2.62 2.72 2.37 2.59 
(10-' Him) 
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Figure 4.11 Examples of electron particle dynamics simulations in MAGIC® using 
the geometry of Figure 4.10 c showing (a) initial situation at t = 0, (b) breakdown at 
Jp = 0 leA, Vs = 500 kV, (c) magnetic insulation atIp = 49 leA, Vs = 500 kV 
Figure 4.1 0 (c) shows the simplified secondary winding geometry used in 
MAGIC® simulations [4.26], where the cylinders are unslotted and there is a fixed 
background field together with a constant voltage applied between each pair of 
cylinders. 
MAGIC® calculations (Figure 4.11) begin in this time-frozen environment at 
an arbitrary moment, which is unrelated to the time of the experiment. The MAGIC® 
software version utilizes an embedded explosive electron emission model with a 
threshold field of 2.3xl07 Vim. It is assumed that, based on the calculated 3D 
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trajectories, electrical breakdown occurs whenever an electron travels between 
adjacent turns, due to an insufficiently high flux density (i.e., insufficient primary 
current). Two representative examples of electron particle dynamics are presented in 
Figure 4.11, one showing a breakdown and the other with sufficient primary current to 
enable magnetic insulation. Note that at the two edges the radial component of the 
magnetic field has a different orientation, which is responsible for the symmetric 
dynamics of the electrons in both rand z directions. Also note that the electron flow 
is 3D with the circular trajectories (along the B direction) not shown in Figure 4.11. 
By finding the primary current required to avoid breakdown for various secondary 
(output) voltages, a current-voltage characteristic can be obtained and a current of 
49 /cA predicted to be necessary for generating 0.5 MV. 
4.4.2 Magnetic insulation with imposed field 
4.4.2.1 Imposed field system design 
Assuming that the dI / dt pulse fed to the primary winding generated by the 
circuit of Figure 4.2 has the waveforms of Figure 4.8, it is obvious that the most 
severe situation arises immediately the main capacitor discharge begins, when the 
secondary voltage step and the consequent high electric field appearing across the 
secondary windings necessitate strong insulation, and unfortunately at this time the 
primary winding current is close to zero. Once the initial situation has passed, the 
main current discharged into the primary winding of the transformer becomes 
sufficient to produce the magnetic field required for self-insulation. 
Using the simplified method described in Section 4.4.1.1, the characteristic 
vacuum breakdown voltage Vbreak of the HVT can be calculated using Equation 4.7 as 
350 kV, which is much more than the initial secondary voltage (about 30 kV). But 
initial experiments at v;, = 15 kV experienced however an early breakdown about 1 
ps after the beginning of the capacitor discharge. One solution suggested is that an 
external\y produced field can be used to provide magnetic insulation at the initial time. 
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Figure 4.12 Schematic drawing of spiral-strip high voltage transformer 
arrangement with the injection of external magnetic field 
TL-flat transmission line (input), HV- high voltage output. 
An initial field can be established based on the existing capacitor bank with a 
capacitance of 2400 pF and a stored energy of 14.7 k.J at the rated voltage of3.5 kV. 
The aim ofthe initial coil design is provide the maximum magnetic field, considering 
the inductance influence, field strength efficiency and manufacturing difficulties, and 
each coil used was of 5 mm overall diameter enamel insulated copper wire with eight 
layers each having eight turns and wound on a plastic mandrel 330 mm in diameter as 
shown in Figure 4.12. The axial distance between the two coil centres is 120 mm and 
the total equivalent resistance and inductance of the initial field coil system are 230 
mQ and 5.55 mH. It was easy to maintain a current of up to 2 /cA with a rise time of 
5 ms. 
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4.4.2.2 Evaluation on the efficiency of the imposed field 
The axial component of the magnetic flux density produced by a single-
primary turn, with its centre at the origin, is obtained by using the techniques in [4.27] 
as 
B = Po! r I-XcosB 
, 41Th I+X2-2XcosB 
x( 1-2 
~(al h}2(I + X 2 - 2X cosB)+ (1- 2}2/4 (EqA.l2) 
+ 1+2 ~B ~(a 1 h}2(I + X 2 -2X cosB)+ (I + 2}2/4 
where ! , a, h are, respectively, the current, radius and length of the coil 
and X = r 1 a , 2 = 2z 1 h. The current density is assumed to have a uniform axial 
distribution. 
The efficiency of magnetic insulation is examined at the time the main 
capacitor discharge begins and also when the secondary voltage pulse reaches its peak. 
When the main capacitor discharge begins, although the primary winding current is 
close to zero, there is an external axial magnetic field in the gap that is generated by 
the initial coils. The magnetic field was examined at Figure 4.13 (a), which shows the 
radial distribution of axial component of the magnetic flux density at t = 0 and when 
the magnetic field was applied by both primary winding and initial coil, which was 
presented in Figure 4.13 (b). The above analysis shows the transformer is well 
insulated over the duration of the voltage pulse applied across the secondary windings 
with the initial field injection. 
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Figure 4.13 Axial component of magnetic flux density variation alone a radial line 
(a) t=O (b) 1=4.25 ps 
At the edge ofwindings (red line), at the centre (blue dot), the critical magnetic 
field required for magnetic insulation calculated from Equation 4.9 (solid line). 
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5 Design of a 1 MV HVT with external 
magnetic insulation 
As stated earlier, the aim of an ongoing research project at Loughborough 
is to develop compact and lightweight transformers working in the MV range and 
for use as high-voltage pulse generators. The use of conventional forms of 
transformer insulation cannot compare in either weight or volume with the 
magnetically insulated devices that are the focus of the research. 
This chapter describes the design of a I MV Tesla transformer [5.1] in 
which the magnetic insulation is established by an external auxiliary power source, 
unlike the magnetic self-insulation described in Chapter 4. It is based on a Tesla 
transformer operated in vacuum and used in a dual-resonant mode, with a 
description given of the novel constructional details that preliminary testing has 
shown are necessary to ensure satisfactory operation. 
5.1 Introduction to the Tesla transformer 
The Tesla transformer, invented by Nikola Tesla, is a high voltage two-
coil resonant device, which is capable of developing high potentials ranging from 
a few hundreds of kilovolts up to several megavolts. The voltage produced is AC, 
at a frequency typically between 50 and 400 kHz. Operation is normally in a 
pulsed mode, with pulse widths varying from some nanoseconds up to several 
hundreds of microseconds, according to the specific application. 
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The Tesla transformer has been known for more than a century in the 
scientific community and has been used in several applications. A significant 
number of papers, articles and books have been written about the theory of its 
operation [5.2-5.5] and its practical construction [5.6-5.7]. Today the Tesla 
transformer, also known as the Tesla coil, is embedded in numerous devices in the 
fields of radio, television, telecommunications, medicine, and it is used in many 
applications where high frequency currents are required. It is also important in the 
generation of high voltages and can be a good simulator of lighting by generating 
high-voltage pulses with an amplitude of several megavolts and emitting electrical 
discharges that can easily extend for several meters. 
5.1.1 Brief history of Tesla coil 
Figure 5.1 Nikola Tesla in his laboratory with his transformer (a photograph 
taken in Colorado Springs during an experiment on December 31, 1899) 
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Nikola Tesla (1856 - 1943) was an important inventor who held 112 U.S. 
patents and had a similar number of patents outside that country. He invented the 
induction motor and three-phase power in 1888, and the Tesla coil in 1891. In 
1893 he devised a system for the wireless transmission of intelligence and the 
Tesla Oscillator was patented in 1900. His fundamental contributions in both 
power and communications have truly changed the course of human history. 
The first record of Tesla's air-cored transformer is dated 1891 and 
appeared in one of his patents [5.8], where the high voltage developed was 
intended to be used for electric lighting. The circuit converted low frequency 
currents into "currents of very high frequency and very high potentiaf'. A much 
more refined version of the Tesla Coil that bears his name "a resonant step-up 
transformer that develops extremely high voltages" appeared in his patent [5.9] 
dated 1914. This coil generated high-frequency oscillations by means of a 
resonant LC "tank" circuit, which was periodically made and intercepted through 
the action of a spark gap or rotary switch. 
Different groups of people have been interested in Tesla transformers for 
many years. In the first half of the 20th century, industry manufactured small-
sized Tesla transformers to generate high-voltage for a number of applications (e.g. 
X-ray generators, electrocution and coagulation for veterinary purposes). Research 
groups have replicated Tesla's original transformer designs and have produced 
new ones, according to the increase in the number of useful materials becoming 
available (plastics for insulators in particular). Many attempts have been made to 
improve on the rudimental measurements Nikola Tesla originally made and to 
provide a robust and proven mathematical model covering all operational 
principles ofTesla transformers. 
Tesla transformers are widely used nowadays as test sources in the routine 
testing of insulators and insulating materials [5.10]. For example, traditional tests 
performed with high DC voltages might not reveal the true aging effects that 
occur in insulation materials during repeated operation of high-voltage switched-
mode power supplies. The Tesla transformer avoids non-linear effects because it 
is air-cored. As the size of its coils is increased, the distance between its windings 
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can also be increased, so that the stray capacitance becomes smaller and, although 
difficult to control, the wave-shape of the damped high-frequency oscillations of 
Tesla transformers are similar to the typical transient disturbances found in power 
systems (e.g. caused by switching operations or by arcing to ground). They are 
widely used as test sources in routine tests [5.1 I] and also for generic insulator 
testing [5.12] and the synthetic testing of circuit breakers[5. 13]. 
Tesla transformers are also used in research on lightning discharges, and 
while cloud-to-ground lightning has been studied extensively, cloud-to-cloud and 
cloud-to-air discharges still need to be understood more thoroughly as they are 
difficult to measure [5.14]. Field observations of lightning reveal little of the 
physics of the phenomenon; the propagation process and the leader velocity are 
best studied by the scaling of laboratory sparks [5. I 5-5. I 6] generated by Tesla 
transformers. 
Another important application of Tesla transformers is the generation of 
high-voltage pulses. Sources of short high-voltage pulses with a high repetition 
rate are of interest in a number of situations. For instance, they can be used to 
generate electromagnetic radiation to measure the size of objects with a very high 
precision or to produce powerful microwave pulses with 3-cm wavelength [5.17]. 
Numerous papers have been published with particular emphasis on the use of a 
. Tesla transformer in relativistic electron beam generators [5.6-5.6], with its main 
advantages over the Marx generator being a high repetition rate of operation and 
low cost because of the fewer capacitors used. Tesla transformers have become 
well established, and other reported applications include a series of compact and 
portable devices to drive cold cathode e-beam tubes, X-ray tubes [5.18], the rapid 
spectral analysis of minerals and jewels, and in radiography. 
5.1.2 Simplified theory of operation 
The Tesla transformer comprises two coupled, frequency-matched Le 
circuits, as shown in Figure 5.2. The primary circuit is of high capacitance Cp and 
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low inductance Lp, and the secondary is of low inductance L, and high 
capacitance C,. 
Cl' C, 
:J • 
SI' N Lp~ 0.) oUlput 
Rp ;\1 R, 
PRnIARY CIRCtiT SECOXDARY CIRC1.TIT 
Figure 5.2 Tesla transformer basic schematic diagram 
When C p is sufficiently charged, the potential difference between the 
spark gap electrodes S p causes the gap to fire and allows current to flow. The 
energy stored in the primary capacitor Cp is fed to Lp, and Cp and Lp form the 
primary circuit with a resonant frequency defined by the values of C p and Lp. 
The magnetic field generated by Lp is coupled with the secondary coil L" which 
together with the secondary circuit capacitor C, forms a second resonant circuit. 
If its resonant frequency is near to that of the primary circuit, an extremely high 
potential is developed at the output terminal, and the secondary circuit voltage can 
easily reach between 100 kV and several MV . Once the capacitor Cp is 
discharged, the spark gap S p ceases conducting and the process just described is 
repeated. 
During the primary oscillation energy is passed back and forth between the 
primary capacitor and the primary inductor. Some of the energy is dissipated in 
the spark gap, which causes the oscillation to decay relatively rapidly with time. 
The oscillating current in the primary induces a similar oscillating current in the 
secondary coil, and energy is transferred from the primary to the secondary circuit. 
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The energy transfers back and forth between the primary and secondary circuits 
until it is entirely dissipated in resistive and RP losses, when the current in the 
primary circuit is minimal and the spark gap opens. 
Because of its unique double resonant operation, the ratio between the 
voltage applied to Lp and that developed on L, is not dependent on the turns ratio 
between the primary and secondary coils like a conventional transformer, but is 
directly proportional to the square root of the ratio of L, to Lp, which is usually 
less than the ratio of actual number of turns in most Tesla transformer. The 
general conditions required for a complete energy transfer from the primary to the 
secondary circuits is identified in [5.19), the conditions required to achieve the 
maximum voltage at the secondary circuit is pointed out in [5.20) and a full 
description of the Tesla transformer operation is given in [5.20). Based on these, 
the coupling coefficient between the two coils ranges from 0.1 to 0.6 and is quite 
different from the values of 0.9 found in traditional iron-core transformers. Dual-
resonant transformer technology is used [5.19), which is achieved when the 
coupling factor between the transformer primary and secondary coils is close to 
0.6 and the two resonant frequencies are equal. At this level of coupling the 
transformer achieves its maximum output voltage within one cycle of the primary 
oscillation. 
5.2 Design specification and main solutions 
The performance of a Tesla transformer, defined as the maximum voltage 
developed at the output secondary terminal, is related to a number of factors 
including losses in components and connections, component value selection, 
operational environment conditions and the physical dimensions of the coils. 
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Figure 5.3 shows a magnetically-insulated HVT developed at 
Loughborough [5.21]. The arrangement is simple, with a single-turn primary 
winding, a helical secondary winding and a cylindrical central conductor that 
produces the circular magnetic field orthogonal to the axial and radial electric 
fields existing between the winding conductors. The operation of magnetic 
insulation will be explained in detail in Section 5.2.4. 
(i) 
(iii) 
Figure 5.3 HVT components in vacuum 
showing (i) primary winding, (ii) high voltage secondary winding, (iii) central 
cylindrical conductor, (iv) HV electrode of capacitive divider [5.21] 
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5.2.1 Primary capacitor selection 
The primary capacitance usually varies between 0.05 pF and 0.2 pF, 
with the selection influencing both the primary resonant frequency and the 
maximum available pulsed power of the transformer. The energy oscillating in the 
circuits is a function of the primary capacitance and the voltage at the time of the 
spark-gap conduction, which is often known as the bang size. If the primary 
capacitor Cp is charged to a voltage Vo, the energy discharged into the primary 
winding is 
Figure 5.4 Primary circuit arrangement of I MV HVT 
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(Eq.5.1) 
By tuning with other parameters, and in accordance with practical 
experience, the primary capacitance was chosen as 0.12 pF and made up from 
forty five commercially available capacitors assembled in a series-parallel 
arrangement to achieve the voltage and capacitance requirements. Figure 5.4 
shows this tubular capacitor assembly connected to the primary winding through 
three spark gaps arranged in parallel. There are two monolithic transmission lines, 
that include in their design the capacitor bank and the primary coil, each entirely 
encapsulated in a mylar-polyethylene laminate, which minimizes the number of 
connections and reduces the number of potential insulation fault points. The 
current probe consists of three magnetic pick-Up coils in a single glass-tube 
package, which gives the ability to measure the current waveform as well as 
indicating the current density in the transmission line and providing assurance that 
all three switches operate. 
5.2.2 Spark gap selection 
Figure 5.5 Titan T-670 Spark Gaps 
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The spark gap is basically a high power switch that is responsible for 
initiating the discharge of the capacitor into the primary winding of the Tesla coil. 
It turns-on when sufficient voltage exists across the spark gap and turns-off when 
the current flowing through it falls to a low level. It has to have a high voltage 
hold-off capability in the off-state, a high current carrying capability in the on-
state and an extremely fast turn-on time, to be ideal for use in a Tesla transformer. 
The simplest solution for the spark gap is a pair of electrodes separated by 
a dielectric that is usually a dry gas mixture including SF., N" etc. Commercial 
spark gaps also usually employ a trigger electrode to provide initial ionization of 
the dielectric and to facilitate breakdown between the two main electrodes. This 
provides control of the exact spark repetition rate, as required by radars, lasers, etc. 
The major weakness of a non-triggered static spark gap is the variability of 
its threshold voltage and the consequent uncertainty in its operation. On the other 
hand, triggered spark gaps can control the exact spark repetition rate but are 
considerably more expensive and have a limited lifetime. Although Tesla 
transformers normally employ repetitive self breakdown spark gap switches, the 
requirements of the present project call for the use of triggered spark gap switches 
to allow controlled synchronization of the discharge. 
The T-670 spark gap switches shown in Figure 5.5 and produced by Titan 
Corporation Pulse Sciences Division were chosen because their "pancake" 
configuration makes them well-suited to fairly high-energy applications requiring 
low inductance. These switches are designed for operation in the 20-100 kV 
range, and they can reliably handle a peak current of 100 kA and a charge transfer 
of 0.15 C. The use of three spark gap switches in parallel reduces the overall 
inductance of the main power source and in turn reduces the loss in the 
transformer. 
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5.2.3 Tesla coil dimensions and material selection 
The physical dimensions of the Tesla transformer play an important role in 
its performance, as they determine the inductances of the primary and secondary 
coils, which are important parameters in determining the transformer output 
voltage. Selection of the physical dimensions for a Tesla transformer is a 
compromise between factors such as the inductances, resistive losses of the 
primary and secondary coils and the internal capacity of secondary coil. 
The primary coil must be able to withstand the high peak currents in the 
primary circuit when the spark gap fires and it should be constructed from a good 
electrical conductor with a low resistivity and a considerable cross-sectional area. 
Thus a single-turn copper coil is the ideal choice and is relatively easy to 
manufacture. 
For a Tesla transformer to operate correctly the primary and secondary 
circuits need to be tuned to the same resonant frequency, which is achieved by 
making one component of either the primary or the secondary circuit adjustable. 
The coupling coefficient also need to be adjusted to about 0.6 in order to achieve 
the maximum voltage at the secondary circuit [5.21]. The design of the high-
voltage secondary winding requires a minimum separation between the individual 
turns and between the primary and secondary windings to avoid dielectric 
breakdown. The secondary winding is located in a vacuum chamber that is 
evacuated to a pressure of 10-5 Torr, thereby simplifYing enormously the 
insulation problems between the primary and secondary windings. All these 
requirements translate into a minimum number of turns for the windings to 
achieve compact geometry and simplicity of construction. 
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Figure 5.6 Secondary winding arrangement ofTesla transformer 
(a) secondary winding using 2 mm uninsulated stainless steel wire with PVC 
spacers between the turns (b) secondary winding with polyethylene insulated copper wire. 
In order to obtain the optimal transformer layout, different transformer 
secondary coil geometries and conductor types were studied. An early winding was 
made of 2 mm uninsulated stainless steel conductor wound around a PVC mandrel 
with a constant pitch, with the pitch maintained by the polythene spacers shown in 
Figure 5.6 (a). Both inter-turn insulation and the prevention of flashover across the 
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surfaces are maintained mainly by the magnetic insulation when the voltage exceeds 
500 kV. A later design was constructed from 3 mm polyethylene insulated cable with 
a 0.9 mm copper conductor, which allows the secondary winding to be shorter and 
much more compact as shown in Figure 5.6 (b). Both type of secondary winding were 
tested using the single-turn primary winding described in Chapter 6. 
5.2.4 External field system design 
As stated in Section 3.4, tum-to-tum breakdown arising from fast-rising 
voltage transients is common with helical HVTs. Unlike the transformer described in 
Chapter 4, the electric field of a spiral-strip secondary winding is radial and the major 
axial component of the magnetic field from the single-turn primary is extremely 
favourable to the adoption of magnetic insulation. The electric field of the helical 
winding is axial and the maximum electric stress occurs mainly in the central region, 
while the radial component of the magnetic field strength produced by a helical coil or 
single-turn primary (which is the component that in magnetic insulation can be used to 
divert the electrons) is small, especially so at the centre. The successful use of helical 
magnetic self insulation transformer was reported in a small-scale prototype [5.22], 
but the additional magnetic field is essential for operation in the megavolt range. 
An auxiliary conductor positioned inside the secondary coil was introduced to 
achieve magnetic insulation as shown in Figure 5.7. A high current flows through this, 
producing a circular magnetic field B perpendicular to the major axial electric field 
already existing. The magnetic field is given by [5.23] as: 
B = Pol 
27rr 
(Eq.5.2) 
The current is kept constant to prevent any changes in the magnetic flux 
influencing the transformer performance. In order to reduce the inductance of the 
auxiliary coil, a number of strips outside the secondary coil are used as return 
conductors. 
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Figure 5.7 Mechanism of magnetic insulation with auxiliary coil 
5.3 Simulation model 
Filamentary modelling [5.24] was used to optimize the transformer design and 
to predict the transformer performance. The inductance and capacitance were 
calculated and used in a complete model of the Tesla transformer through which the 
parameters of the resonant circuits and the Tesla transformer were tuned to develop 
the maximum secondary voltage with compact geometry. The validity of the overall 
model is assessed in Chapter 6, by comparing measured and simulated results. 
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5.3.1 Theory of operation 
Figure 5.8 illustrates the principle of magnetic insulation in the Tesla 
transformer. According to first Kirchhoffs first law, the sum of the voltages around a 
closed circuit is zero, therefore the corresponding set of first-order differential 
equations are obtained as: 
(Eq.5.4) 
O=RJ +L dI'_M d1p 
" , dt dt (Eq.5.5) 
where Equation 5.4 is for the primary circuit and Equation 5.5 is for the secondary 
circuit. The external magnetic field is provided by an additional source, which 
contains the capacitor Cox, connected directly to the auxiliary coil L,x, (Re" represents 
the equivalent resistance) through the switch S,,,. Firstly the auxiliary bank is charged, 
and after the switch S,,, is closed, the capacitor C/X' discharge with the governing 
equation being 
U t Q", - D I +L dJ,xl yex 0 - -C - ~~xl ext exl -d 
ext t (Eq.5.3) 
When the current I/XI from the auxiliary bank approaches a maximum and 
d~;, is almost zero, the main capacitor bank controlled by spark gap S p starts to 
discharge into the transformer primary winding. The operating period of the auxiliary 
bank is longer than that of the main capacitor bank, say by about 80 times, which 
means that during the whole period of main capacitor bank operation d~;, from the 
auxiliary bank may be regarded as zero, which ensures that the auxiliary coil has 
almost no coupling effect with either the primary and secondary windings. 
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Figure 5.8 Principle of magnetic insulation in Tesla transformer 
5.3.2 Parameter calculation 
Calculation of the self-inductances of the primary and secondary windings and 
also the mutual inductance between them is described in Section 2.5.2 and the 
filamentary representation of the helical HVT is shown in Figure 2.8 with a detailed 
explanation given in Section 2.10.3. The capacitance calculation is given in Section 
2.8 and the resistance calculation in Section 2.4.5. The results of these calculation 
compare well with experimental data, so that they provide a good basis for both 
performance prediction and system optimization. 
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5.3.3 Optimized system 
The rules for selecting the major components of a Tesla transformer were 
summarized in Section 5.2. The general design of the transformer is influenced by the 
power supply choice, and the commercially available capacitors used enable the 
power supply to be readily scalable as more modules can be added in series to reach a 
higher charging voltage. The present transformer design is subject to the following 
constraints: 
• Resonant frequency matching 
• Coupling factor between the primary and secondary coils close to 
0.6 
• Maximum voltage of about 1.5 MV 
• Primary current limited by the capacitor and spark gaps 
The first design used one spark gap with a capacitor of 0.22 pF charged to 30 
kV, with the overall capacitor bank inductance of 75 nH and resistance 130 mQ 
including the contribution from spark gap. The primary inductance is 140 nH (single-
turn winding of 1.2 mm copper sheet with a length of 600 mm and outside diameter 
of 320 mm). The secondary inductance is 412 pH (80-turn, 240 mm diameter, 800 
mm long helical winding of 3 mm stainless steel conductor with constant pitch of 7 
mm) and the mutual inductance is 5 pH. The inductance and resistance results are 
from Section 5.3.2. with the equations in Sections 2.5.2 and 2.4.5. Predicted wave 
forms of the primary current and voltage output are shown in Figure 5.9. The 
maximum output voltage pulse from Figure 5.9 (b) is about 1.3 MV as expected, but 
Figure 5.9 (a) shows that the maximum primary current is about 25 kA, just on the 
limit that the capacitor bank can withstand. 
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The second design used three spark gaps with the capacitor 0.09 pF charged 
to 30 kV, with overall capacitor bank inductance of 40 nH and resistance 60 mQ 
includes the contribution from the spark gaps. The primary inductance is 138 
nH (single-turn winding of 1.2 mm copper sheet with a length of 600 mm and an 
outside diameter of 316 mm). The secondary inductance is 259 pH (50-turn, 250 
mm diameter, 500 mm long helical winding of 3 mm stainless steel conductor with 
constant pitch of 7 mm) and the mutual inductance is 4 pH. The inductance and 
resistance results are from Section 5.3.2. and the corresponding predicted primary 
current and voltage output are shown in Figure 5.1 O. The maximum output voltage 
pulse from Figure 5.1 0 (b) is about 1.3 MV and the maximum primary current from 
Figure 5.1 0 (b) is reduced to about 20 leA which satisfies the withstand rating 
condition of both the capacitor bank and the spark gaps. However this design requires 
a very small secondary capacitance as about 30 pF , which may be exceeded by 
secondary winding. 
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A third design was produced by optimisation of the second design [5.20]. In 
the discharge circuit of Figure 5.8, the capacitor Cp is 0.12 /IF and the overall 
inductance from the capacitor bank of 30 nH includes the contribution from spark 
gaps. The primary inductance is 140 nH (single-turn winding of 1.2 mm copper sheet 
with a length of 600 mm and outside diameter of 320 mm). The secondary 
inductance is 240 /lH (55-turn, 270 mm diameter, 550 mm long helical winding of 3 
mm stainless steel conductor with constant pitch of 10 mm) and the mutual 
inductance is 4.2 /lH. The primary current and voltage output can be obtained as 
shown in Figure 5.11 and the maximum output voltage pulse is about lA MV with 
the maximum primary current being about 20 leA. 
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The auxiliary coil was designed to achieve maximum magnetic field with an 
existing capacitor bank of 200 pF and a low internal inductance of 20 nH , charged 
to 25 kV. An exploding wire array was used as opening switch to protect the auxiliary 
bank from high-current reversal oscillations, which introduced a inductance of 20 nH . 
The conductor contains a 900 mm long, 106 mm diameter aluminum tube with a 
number of aluminum strips carrying the return current positioned outside the 
secondary winding acting as coaxial return conductors to minimize the inductance. 
The calculated inductance is about 280 nH , including the return conductors. A 
maximum current of 0.6 MA can be obtained as shown in Figure 5.12 and the 
calculated magnetic flux density of about 1 T from Equation 5.2 is produced by the 
auxiliary bank through the central cylindrical conductor. 
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Figure 5.12 Predicted current provided by an external source and required for the 
magnetic insulation (time origin as Figure 5.1) 
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6 Testing 
A range of experiments was carried out on the transformers with magnetic 
insulation described in Chapter 4 and 5. The experim'ental results are generally in 
good agreement with data predicted from numerical modelling and have provided 
theoretical justification of the magnetic insulating properties. Magnetic self-
insulation has been demonstrated up to 500 kV and up to 1 MV with an injected 
magnetic field, both of which open the way for even more advanced higher 
voltages transformers. 
6.1 Self-Magnetic insulation of 500 kV HVT [6.1] 
To study the magnetic insulation effect, a vacuum spiral-strip transformer 
as stated in Chapter 4 was constructed, with insulation provided by the magnetic 
field produced by the primary winding current. The effect of magnetic insulation 
was investigated by keeping the same dIp / dt , while feeding the primary winding 
with current pulses Jp of different amplitudes. 
6.1.1 Experimental set up 
The experiment construction and arrangement described in Chapter 4 was 
again used for testing the self-magnetically insulated transformer of Figure 6.1. 
The single-turn primary is constructed from high-conductivity 1.2 mm copper 
sheet, with an effective primary winding width of 100 mm and an internal 
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diameter of 320 mm. A glass bell jar, positioned inside the single-turn primary 
winding and evacuated to a pressure of 10-5 to 10-6 Torr by a vacuum pump, 
houses the 8-turn stainless steel secondary winding of Figure 6.2, which is also 
100 mm wide and 1.2 mm thick. The mean diameter of the first (outermost) turn 
is 290 mm and that of the final (innermost) turn is 176 mm. To ensure that an 
approximately constant field exists between turns, the distance between them 
varies with radius from 11 mm for the outermost turns to 4 mm for the innermost 
turns. 
Figure 6.1 Experimental 500 kV transformer with self-magnetic insulation 
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Figure 6.2 Secondary spiral winding of transfonner 
(a) side view (b) front view 
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Supporting spacers, consisting of two MACOR® cylinders with an 
intervening glass sheet mounted between turns, assist in maintaining the spiral 
integrity. All components are bonded together and attached to the stainless steel 
turns by high vacuum epoxy resin. Figure 6.3 presents a schematic of a spacer and 
a photograph of a real component. Two split rings (shown in Figure 6.4) are 
placed near the edge of the primary winding to form a ring cage shield [6.2] which, 
as described in Section 3.3.3.3, will substantially reduce the field enhancement. 
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Figure 6.3 Schematic (dimensions in mm) and photograph ofa glasslMacor® 
spacer installed in the secondary winding 
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A magnetic pick-up probe located in a tunnel in the transmission line and 
calibrated in situ measures the dJ/dt, with the result being numerically integrated 
to provide the current lp. A built in high-voltage capacitive divider (HVD) 
calibrated using a commercial! MV capacitive probe [6.3] enables the secondary 
voltage to be recorded. Optical fibres collect light from the EW A explosion, and 
provide triggering signals for battery powered 500 MHz digital oscilloscopes 
through opto-electronic couplers to ensure electromagnetically noise-free signals. 
Figure 6.4 Ring cage shield 
Figure 6.5 shows the experimental arrangement, in which the transformer 
primary circuit is powered through a parallel-plate transmission line (TL) from a 
52.5 pF 25 kV capacitor (C). An exploding wire array (EW A) acts as a pulse 
conditioning circuit element, and is constructed from a number of 250 pm OFHC 
copper wires in parallel. To investigate the performance of the magnetic insulation, 
the capacitor charging voltage V. can be varied from 0 to 25 k V, the number of 
exploding wires from 2 to I! and their length from 135 to 250 mm, which 
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together enable the HVT primary winding to be fed with a range of current pulses 
I p of different amplitudes but approximately the same dIp / dt. This allows the 
conditions for magnetic insulation to be investigated, since the secondary voltage 
is given by V, = -M(d!p I dt) and !p is responsible for the insulating field. 
EWA HVT 
HVD 
C Ls 
Cl 
b-----I+- to oscilloscope 
TL 
Figure 6.5 Circuit for MSI-HVT experiments 
Rr, Lr and Rb, Lb are the resistance and inductance of the EW A and TL. Cl and 
C2 are the high voltage and low voltage capacitors of the HVD. Other components are 
explained in the text. 
The EW A assembly that acted as an opening switch was introduced into 
the transmission line of the discharge circuit, and consisted of two copper 
electrical retaining plates with rows of electrical retaining points on which to lay 
the exploding wires horizontal. The length of the wires can be controlled by 
adjusting the distance between the retaining plates and the selected number of 
wires was soldered onto the retaining points. Insulation between the plane of the 
wires and the copper strip forming the current return path is provided by a 
polyethylene plate. The opening switch was inevitably damaged during an 
experiment and had to be substantially remade for each experiment. 
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After each 10 experiments the bell jar was opened and the transformer 
secondary winding scrutinized. It was found that most breakdowns happening 
during experiment action originated from the winding edges, particularly in the 
vicinity ofthe grounded outermost turn as predicted in Section 4.4. I .2. 
6.1.2 Analysis of results 
6.1.2.1 Preliminary experimentation 
Using the simplified approach of Section 4.4.1, the characteristic vacuum 
breakdown voltage Vbreak of the HVT without magnetic insulation was estimated 
as 350 kV . Initial experiments at Vo = 15 kV however experienced an early 
breakdown, about I ps after the beginning of the capacitor discharge. This was 
unexpected, as the secondary voltage at the time (about 40 kV) was very much 
less than Vbreak, and the exact cause of the breakdown remains unknown. 
One possible solution, given in Section 4.4.2, is to introduce an externally 
produced magnetic field at the initiation of the experiment, but it would be 
complex to construct another field producing system. The eventual solution 
adopted was to decrease the high electric stress at the critical points (edges) by 
attaching field grading rings [6.2] to both transformer windings, as explained in 
Section 3.3.3.3. This was straightforward for the primary winding (see Figure 6.4), 
but a round copper structure such as a slotted cylinder was difficult to install at the 
edges of the secondary winding. A practical alternative was found in the use of 
conductive O-strips (CHOMERICS® [6.4]) having a diameter of 3.2 mm and 
formed from silicone elastomer binder with a conductive filler of Ag and Cu, 
resulting in a volume resistivity of p = 4xl0-5 nm. The Iow degassing properties 
of the O-strip material ensured that it performed well under vacuum conditions. 
Figure 6.7 shows the slotted O-strips in position on the secondary winding, and 
numerical analysis indicated that the grading on both windings resulted in about a 
30% reduction in the peak electrical field. 
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With this technique implemented, early breakdown only occurred when 
the capacitor charging voltage was above 19 kV, which was adequate to allow the 
conditions necessary for magnetic insulation to be investigated. 
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Figure 6.7 Slotted conductive O-strip placed onto the edge of secondary 
winding 
6.1.2.2 EW A performance 
Before the main magnetic insulation experiments, a series of calibration 
experiments were performed. The equivalent circuit of Figure 6.8 presents the 
calibration circuit for the EW A, in which a 210 pF capacitor bank was charged 
initially to about 20 kV. The inductance L. is 32 nH and the resistance R. is I 
mQ , which include contributions from both the capacitor bank and the 
transmission line. An I-dot probe was located in the copper conductors of the 
transmission lines. 
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Figure 6.8 Calibration circuit for EW A 
The characteristics of Figures 6.9, 6.10 and 6.12 show the series circuit 
discharge current, the time rate-of-change of this current and the voltage 
developed across the EW A, with the solid and dotted traces in each figure 
representing respectively the simulation results from Section 4.2 and results from 
experiments. Figure 6.9 shows a steady rise of discharge current to a peak of 361 
kA after a time of7.7 ps followed by a rapid decay. The current does not fall to 
zero after the wires explode, possibly due to a breakdown occurring in the EW A. 
Figure 6.1 0 shows that the time rate-of-change of current attains a peak value of 
4xlOll AI s after a time of 9.5 ps and, importantly, the characteristic attains 
high values for relative large values of the discharge current. Figure 6.11 shows 
details of the rate-of-change of current between 9 ps and lOps, with a 
breakdown of the EWA presumably happening at 9.6 ps, according to this 
diagram. Figure 6.12 shows that the potential difference across the EW A reaches a 
value of 138.49 kV at 9.5 ps. This establishes that high level of voltage are 
developed in the circuit, and that a high voltage pulsar has been achieved. 
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The dependence of the resistivity of the EW A on the input energy W for 
the exploding wires was determined. Due to the insufficient number of points 
collected from the oscilloscopes, it was somewhat difficult to obtain the direct 
dependence of R(W) from the measurements. Therefore, the result from [6.5] was 
used and refitted to match the calculation results with the measurements. The 
R(W) variation obtained is shown in Figure 4.5, which was then incorporated into 
the mathematical model of the pulsar in Section 4.2. 
6.1.2.3 Inductance 
The primary inductance of the transformer can be obtained by measuring 
the voltage across the primary winding together with the rate of change of current 
in the winding, by using the circuit shown in Figure 6.13 and the formula: 
Also the mutual inductance can be found from: 
M=~ 
dIp 
dt 
(Eq.6.l) 
(Eq.6.2) 
where r: is the measured open circuit voltage of the secondary winding and ~; 
is the rate of change of current in the primary winding using the circuit shown in 
Figure 6.14. 
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Figure 6.13 Measurement of primary inductance 
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Figure 6.14 Measurement of mutual inductance 
The value of the primary inductance, secondary inductance and mutual 
inductance were all calculated using the filamentary modelling of Section 4.2 as 
430 nH, 12 pH and 1.37 pH respectively. These values agreed to within 5% of 
those obtained experimentally, corresponding to the estimated errors in the current 
and voltage sensors. 
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6.1.2.4 Transformer performance 
In an initial test with the circuit of Figure 6.5, the capacitor was charged to 
18.1 kVand the EWA had 6 wires of diameter 250 pm and length 135 mm. The 
results obtained are given in Figures 6.15 to 6.17, which show the primary current, 
its time rate-of-change, and the load voltage. Figure 6.17 records a typical result 
when breakdown occurred at Vs = 480 kV substantially above vacuum 
breakdown voltage (300 kV) to confirm the self-insulating effect. The results are 
compared with their corresponding theoretical modelling, with the dotted and 
solid traces in each figure representing measured and simulated results 
respectively. The general trends of the results have considerable similarity, with 
any difference most probably introduced by the EW A switch resistance model 
used in the simulation work, as discussed previously in Section 4.2. 
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6.1.3 Magnetic insulation dependence on primary current [6.1] 
Figure 6.1S summarize the principal results from an extensive 
experimental investigation of the prototype MSI-HVT [6.1], which shows the 
dependence of the HVT breakdown values V, on the corresponding primary 
current. Figure 6.IS also shows that the different characteristics obtained at 
different vacuum pressures can be represented by V,(i) = al/ (i = 1,2) where 
a[ = 0.1S7x10-3 V/A' when the pressure is 10.6 Torr and a2 = 0.1lx10·3 V/A' 
when it is 10-5 Torr. The corresponding vacuum breakdown voltages, 
determined for very low values of lp, are Vbreak(l) = 307 kV and Vbreak(2) = 227 kV. 
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Reference to Paschen's law indicated that the pressure dependence of the 
data in Figure 6.18 was not expected at these very low gas-pressure-times gap-
length products. However, a search of the relevant literature indicated that such a 
dependence had actually been reported earlier [6.6-6.7]. In addition to this, the 
local pressure near the secondary windings is not really known. Without any 
precautions taken, air can be trapped by the electric field grading elastomer 
mounted on the secondary winding edges, with the degassing process altering the 
local Paschen conditions. This issue will be investigated in future experiments. 
Figure 6.19 presents a typical waveform of V; and Ip [6.1], and it is 
evident that the magnetic insulation produced is sufficient for the HVT to function 
at a voltage significantly above v""a' (with v;,,,ak established experimentally with 
Ip very low). Breakdown occurs about 4.25 liS after closure of the closing 
switch when V; = 480 kV and I p = 57 kA. The initial charging voltage of the 
capacitor bank was 19 kV and the pressure 10-6 Torr. 
Figure 6.20 also presents typical waveforms of V; and I p demonstrating 
vacuum insulation breakdown. Breakdown occurs when V; = 300 kV (below 
Vb"a' ) corresponding to Ip = 32 kA. The initial charging voltage of the capacitor 
bank was 13 kV, the EWA length ISO mm , the number of wires 6 and the 
pressure 10-6 Torr. 
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Figure 6.21 Comparison between theoretical predictions for the 
primary-current/secondary breakdown-voltage characteristics for MSI-HVT based 
on Equations 4.7 and 4.\0 and MAGIC® calculation and experimental data as in 
Figure 6.18 [6.1] 
To benchmark the theoretical prediction of Section 4.4.1, theoretical 
predictions for the primary·current/secondary breakdown-voltage characteristics 
for MSI-HVT based on Equations 4.7 and 4.10 and MAGIC® calculation are 
shown in Figure 6.21 and compared to experimental data from Figure 6.18 [6.1]. 
It is clear that the experimental characteristics at 10-6 Torr are in good agreement 
with those predicted by MAGIC® calculations (52 leA are required to generate 
0.5 MV against 49 leA predicted), which opens the way for the design of a 
scaled-up version of the prototype transformer. Note that Vs(l) suggests that in 
order to generate higher voltages, say 1 MV, the required current is only about 
80 leA. 
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6.2 Magnetic insulation of 1 MV HVT [6.8) 
A dual-resonant Tesla transformer with helical secondary winding as 
stated in Chapter 5 was constructed for research on the magnetic insulation effect 
when established by an auxiliary power source and a cylindrical conducting tube 
located inside the secondary winding. 
6.2.1 Experimental arrangement 
The experiment construction and transformer arrangement are based on the 
theoretic analysis of Chapter 5, with a photograph of the main experimental 
arrangement being given in Figure 6.22 and the transformer arrangement shown in 
Figure 6.23. The single-turn primary is constructed from high-conductivity copper 
sheet (1.2 mm) with an effective primary winding length of 600 mm and an 
internal diameter of 320 mm. A vacuum chamber, positioned inside the single-
turn primary, is evacuated to a pressure of 10-5 Torr and houses the helical 
secondary winding. 
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Figure 6.22 Experimental arrangement of I MV Tesla transformer with 
magnetic insulation [6.8] 
In order to obtain the optimal transformer layout, different transformer 
secondary coil geometries and conductor types were studied. Firstly, Figure 6.24 
(a) shows the 77-turn 220 mm diameter, 520 mm long helical secondary winding 
of 2 mm thick bare stainless steel conductor wound around a 168 mm diameter 
PVC mandrel. A constant pitch of 6.8 mm. is maintained by the polythene spacers 
shown in Figure 6.24 (b), which limit the area of the flashover surfaces of the 
transformer secondary. Both inter-turn insulation and the prevention of flashover 
across the surfaces are maintained mainly by the magnetic insulation when the 
voltage exceeds 500 kV. 
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Figure 6.23 Experimental 1 MV Tesla transformer with magnetic insulation 
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Figure 6.24 (a) Secondary winding using 2 mm uninsulated stainless steel 
wire, (b) PVC spacers between the secondary turns 
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Figure 6.25 Secondary winding with polyethylene insulated conductor 
enabling a compact design [6.8] 
(arrow pointing at HV part of the capacitive divider) 
Secondly, Figure 6.25 shows the 73-tum 210 mm diameter, 270 mm long 
helical secondary winding of 3 mm polyethylene insulated conductor 0.9 mm 
copper conductor. Here, the inter-turn insulation is provided only by the 
polyethylene insulation ofthe conductor (quoted maximum voltage up to 21 kV 
dc between the inner conductor and the outside of the cable), so that the secondary 
can be made shorter and much more compact. 
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However, flashover across the overall surface of the transformer secondary 
is still inhibited by magnetic insulation and by a novel geometry that separates 
sections of the secondary turns. Both types of transformer secondary were tested 
with the same single-turn primary winding. It was determined experimentally that 
the second secondary coil geometry (Figure 6.25) performs better than the first (i.e. 
giving a higher output voltage), so that only results for the second geometry are 
presented. 
Figure 6.26 Outside view of the auxiliary coil [6.9] 
Preliminary experiments showed that for voltages exceeding 0.5 MV 
vacuum insulation was insufficient to prevent electric breakdown of the secondary 
coil. To obtain higher voltages an external magnetic field needed to be established 
before the closure of spark gaps, to enable the magnetic insulation to prevent 
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immediate electric breakdown. This field was provided by an auxiliary coil 
energized by a current from the auxiliary capacitor bank. The auxiliary coil 
consists of a 900 mm long, 106 mm diameter aluminum tube inside the 
secondary coil, with a number of aluminum strips positioned outside the chamber 
acting as coaxial return conductors, as shown in Figure 6.26. The tube can 
produce a circular magnetic field orthogonal to the axial and radial electric fields 
existing between the conductors, which are precisely the conditions required for 
the onset of magnetic insulation. 
. 
lY.fain : f--t capacitor -. Spark f--t Primary Charger 1 gap winding bank 
T 
Trigger 
generator 
T 
Time delay 
generator 
Figure 6.27 Schematic of primary main capacitor bank supply 
The main bank comprises forty five 2.7 nH capacitors and is connected to 
the transformer primary via high precision spark gap switches (Series T -670, Titan 
Corp. USA, www.titan-psd.com). The switches are pressurized with synthetic air 
in a symmetrical configuration and with a thin trigger electrode positioned 
precisely in the plane of symmetry. As each unit has an inductance of about 60 
nH, three switches are used in parallel as shown in Figure 6.23 to reduce the 
overall inductance of the main power source, when the overall inductance of the 
main power source becomes 31 nH . Operation of the main bank must be 
accurately synchronized with the auxiliary capacitor bank (Quattro, see Figure 
6.22). This is achieved using a time delay pulse generator to trigger the 140 kV 
high voltage trigger generator (Physics International Model TG-70), which in turn 
initiates the three spark gap switches. The key elements of the primary main 
capacitor bank are highlighted in Figure 6.27. 
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Figure 6.28 Schematic of auxiliary capacitor bank supply 
The auxiliary bank comprises four 52.64 pF capacitors, each with an 
unusually low internal inductance of 7 nH . The main parts of the bank system is 
organized as shown in Figure 6.28. The capacitors are connected to a flat parallel-
plate transmission line via a rail-gap closing switch (Model 40302, Titan Corp). 
The switch is pressurized with a mixture of oxygen (10%) and argon (90%). 
Between the closing switch and the load there is an exploding wire array (EW A), 
optimized to open the circuit immediately after the peak of the current to protect 
the capacitor bank from high-current reversal oscillations. The overall inductance 
of the auxiliary power source is less than 40 nH , including the contribution from 
the EWA (40 - 80 OFHC copper wires of 250 mm diameter and 90 mm length). 
The load consists of the central cylindrical conductor, a 900 mm long, 106 mm 
diameter aluminium tube and a number of aluminium strips acting as coaxial 
return conductors. With a load inductance of about 250 nH and a capacitor 
charging voltage of25 kV, currents up to 600 kA can be achieved. 
Figure 6.29 shows the main experimental arrangement. When the auxiliary 
capacitor bank is fully charged, a command input triggers the 100 kV Marx 
generator (Model 40230, Titan Corp), which in turn initiates the rail gap switch. A 
signal from the Marx trigger circuit is sent to the time delay unit, which 
synchronizes the two banks so that the maximum current from the auxiliary 
capacitor bank coincides with the maximum voltage being generated in the 
transformer secondary winding [6.8). 
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6.2.2 Diagnostic methods 
A long inductive pick-up probe calibrated in situ and located in a tunnel in the 
parallel-plate transmission line from the auxiliary capacitor bank is used to monitor 
both the time rate-of-change of the current and the current itself. Also, the load current 
of the auxiliary capacitor bank is measured by a 20 MHz current transformer 
enclosing one of the eleven coaxial return conductors to monitor possible irregularities 
in the load. Three inductive pick-up probes positioned in a tunnel in the flat 
transmission line of the main capacitor bank monitor the current in the transformer 
primary and the performance of the spark gap switches (the pick-up probes are located 
close to the spark gaps). A commercial 80 MHz, 100 kV capacitive divider records 
the main capacitor bank voltage, and a fast LV built, I MV capacitive divider with a 
low capacitance that does not load the secondary transformer circuit, measures the 
output voltage of the transformer. 
6.2.3 Analysis of results 
Signals from the capacitive probe following the last (HV) turn of the 
transformer secondary are shown in Figure 6.30. The maximum injection field current 
from the auxiliary capacitor bank is 0.58 MA establishing a field of about 1 T in the 
vicinity of the secondary winding. As Figure 6.30 shows, when the main capacitor 
was charged to 28 kV, that was adequate to provide insulation up to an output voltage 
of 1 MV. Dotted lines represent calculated predictions of the transformer 
performance and show a good agreement with the experimental results. After testing 
the transformer performance with magnetic insulation, a few shots were made at 
different charging voltages without magnetic insulation present, which established that 
the breakdown in vacuum occurred at charging voltages of about 11 kV - 13 kV and 
secondary voltages of 400 kV - 500 kV. 
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Figure 6.30 Magnetically insulated output voltage signal with maximum injection 
field current of 0.58 MA corresponding to a field of about 1 T. Cb charged to 28 kV 
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7 Conclusion 
This thesis has described the successful implementation of magnetic insulation 
techniques into two different high voltage pulse transformers, leading to simple, 
compact and lightweight units. It is believed that they represent the first working 
examples of magnetically-insulated transformers anywhere in the world and open the 
way to the muti- MV pulse transfonners design. 
The numerical modelling presented in the thesis aimed to study and understand 
pulsed power systems and their intimate nature and, based on this knowledge, to 
further develop them. The 20 filamentary technique has been continuously improved 
at Loughborough University and has been successfully applied in a very wide range of 
pulsed power applications as electromagnetic launchers [7.1], ultrahigh magnetic field 
generators [7.2], explosively driven flux-compression generators [7.3], multi and 
single-turn inductive launchers [7.4-7.5] and electromagnetic flux-compression [7.6]. 
In this thesis, detailed 20 filamentary models for the two high-voltage pulse 
transformers were successfully benchmarked in Chapter 2 against both Loughborough 
data and experimental results obtained from elsewhere, with the error being less than 
3%. The model was then applied to the design and optimization process in Chapters 4 
and 5, and finally again compared with experimental data in Chapter 6. The agreement 
evident confinns that the present 20 filarnentary model can be used with confidence 
to predict accurately the dynamic performances of HVTs in high power conditioning 
systems. The models is at present widely used at Loughborough in designing HVT 
based compact conditioning circuits. 
An extended study of electric field enhancement optimization was carried out 
by finite element analysis. A good solution was demonstrated [7.7] in the development 
of a 3 MV HVT and was improved [7.8] in the Loughborough IS-turn spiral-strip 
HVT by a similar cage configuration to that suggestion in [7.7]. The results reported 
in Chapter 3 shows the ring cage technique not only reduces the maximum electric 
field strength by about 50% but also produces a more homogeneous distribution. 
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A magnetically self insulating transformer has been demonstrated for voltages 
up to 0.5 MV in Chapter 4, with very little conventional insulation and no oil, using 
simple and effective techniques for grading the electric fields. Experimental results in 
Chapter 6 illustrate that the maximum breakdown voltage is controlled by the primary 
current (the source of the insulating magnetic field) and it is confirmed in Chapter 5 
that this can be accurately predicted by detailed numerical modelling. Implementation 
of the magnetic self-insulated HVT into a compact system powered by a flux 
compression generator should offer an important advantage, as the exponentially 
rising primary current will not allow the generation of high voltages at a low primary 
current, thereby avoiding the possibility of an early breakdown. Although the HV 
output will always be relatively short (between 100 ns and 200 ns) due to the EW A 
action tending to suppress the current and therefore the magnetic insulation conditions, 
the time scale is clearly sufficient to drive a high-power microwave source such as a 
vircator, as proved by recent experiments in Loughborough using a conventional air-
core transformer [7.9]. 
A magnetically insulated pulse transformer was designed for operation at MV 
levels in Chapter 5, based on a Tesla transformer operated in vacuum and used in a 
dual-resonant mode. The results in Chapter 6 show a transformer magnetically 
insulated output voltage to I MV, with the maximum injection field current of 0.58 
MA corresponding to a field of about IT. The very important features of reduced 
mass and volume will be exploited in future transformer design scaled-up for multi-
MV operation. 
In conclusion, the theoretical and experimental work and research presented in 
the thesis has laid a solid base for future scientific research. 
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